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Abstract 
The solvent-solute interface of a biomolecule is a dynamic but yet highly structured domain 
that links a chemically diverse solute surface to the chemically homogeneous bulk aqueous 
phase. The role of the resulting intermediate domain, i.e. the "hydration shell", in regulating 
DNA structure and recognition has been addressed here by time-resolved infrared 
spectroscopy. A highly reproducible automated hydration pulse regime was established and 
implemented for attenuated total reflectance (ATR) Fourier transform infrared (FTIR) 
spectroscopy to monitor the structural response of DNA to an incremental growth of its 
hydration shell on its intrinsic time scale of seconds. The transition from the 
crystallographically defined BI to the BII substate of B-DNA was found to be driven by the 
increase of water disorder upon growth of the hydration shell, derived from the water OH-
stretching absorption frequency and band width changes. 2D correlation analysis was used to 
identify different water clusters from the temporal behaviour of their water OH stretching 
frequencies. The results show that BII-stabilizing structural constraints are exerted by strong 
water-DNA H-bonds in the grooves of B-DNA and are relieved when the groove-bound water 
merges into a contiguous hydration shell with the less H-bonded PO2
-
 -solvation sphere at 
~
14 
water molecules per DNA phosphate. The H-bond imbalance at the disjunct hydration sites is 
split symmetrically around the average H-bond strength of bulk water. Thus, merging into a 
contiguous hydration shell proceeds at little enthalpic cost and homogeneous connectivity to 
the outer bulk-like H-bond network, such that alteration in the network distant from the DNA 
can regulate the BI-BII transition in a cooperative manner. The water connectivity is disrupted 
by DNA-binding peptides. Remarkably, the data show that the replacement of hydration shell 
water upon ligand biding is crucial in conferring substate specific recognition by peptides that 
have little intrinsic structural preference. The antibacterial peptide indolicidin secreted from 
bovine neutrophils dehydrates the non-PO2
-
-bound hydration sites, thereby rendering the 
unstructured peptide highly specific for the BI state with vibrational signature almost identical 
to the bacterial minor groove binder  netropsin. The proposed dominant role of hydration shell 
water for DNA conformation was challenged by studying the competing effect of structured 
water in the coordination-shell of the lanthanide Eu
3+
 on water structure in the DNA hydration 
shell. Whereas no effect is seen at low hydration, a hydrogen-like phase is formed at a 
stoichiometric ratio of Eu
3+
 :DNA:H2O of 1:10:140, characterized by a strong increase of the 
molar volume of hydration water. This novel phase appears attractive for lanthanide and 
possibly actine separation approaches  based on biomolecular coordination.  
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Summary 
The conformational substates BI and BII of the phosphodiester backbone in B-DNA are 
thought to contribute to DNA flexibility and protein recognition. Their structural features 
have previously been identified in crystal structures and shown to be controlled by hydration 
in a glassy low temperature state but little is known about their interconversion under ambient 
isothermal conditions. In this work a new method has been developed to induce hydration-
driven structural changes in hydrated films of DNA to be studied by time-resolved FTIR 
spectroscopy. By hydration perturbation a small number of water molecules is added to the 
DNA hydration shell (less than 1% of the total water content) within a few seconds followed 
by relaxation to its initial state within about one minute. This allows 1) studying the 
physiologically relevant BI↔BII substate transitions under ambient temperature in a time-
resolved manner, 2) assessing the properties of exclusively outermost hydration shell water 
molecules, 3) exploring different water populations and assigning their H-bond partners to 
different chemical groups of the DNA, 4) identifying different H-bond strengths at the 
different sites of the DNA. The automation of the measurements to obtain high signal to noise 
spectra by data averaging as well as the development of data analysis by 2D correlation were 
major tasks of the work. The method was then applied to address the suspected heterogeneity 
of hydration shell water and its role in stabilizing conformational substates that are known to 
guide molecular recognition of DNA by numerous ligands.  
 
The data analysis revealed distinct water populations: i) the gas phase exchange rates of water 
bound strongly to non-phosphate sites and more weakly to the phosphates scale with their 
different H-bond strengths. Little effect is exerted on DNA conformation in this adsorptive 
hydration regime at less than 12 water molecules per phosphate ii) In larger hydration shells 
water efficiently drives the BII-BI transition and forms a contiguous water envelope which 
destabilises the BII state. A larger volume increase and a concerted transition of all water-
responsive DNA sites is typical of this cooperative regime. The H-bond energy and binding 
strength of the different water populations are correlated and correspond to an energy 
imbalance of 3-4 kJmol
-1
 as deduced from the measured stretching frequency difference of 
~300 cm
-1
.  The splitting of the H-bond energy at the different DNA hydration sites around 
that of bulk water is probably crucial for the strong coupling of hydration to DNA 
conformation. It allows merging of both water populations into a water envelope of bulk-like 
                                                                                                                 Summary 
 
 
 
 10 
average H-bond strength at essentially no enthalpic cost and the required transitions of the 
individual water molecules are thermally accessible. In this regime, hydration promotes the BI 
state mainly via the replacement of non-phosphate DNA-water interactions by water-water 
interactions within the hydration shell. There is no indication, however, of altered stacking 
being associated with the hydration-driven BII-BI transition seen here at ambient temperature.  
 
The proposed coupling mechanism implies that less water can sustain the BI state when the 
non-phosphate-bound BII-stabilising water is displaced by a ligand. This is confirmed here for 
indolicidin, an antimicrobial peptide secreted by bovine neutrophiles, and may be of general 
importance in peptide DNA interactions. The larger volume changes upon water uptake fully 
agree with the putative blockage of the DNA hydration sites by indolicidin in agreement with 
the peptide-induced dehydration seen in our CD spectra.  The data show how a peptide that 
exhibits little intrinsic structure(Hsu, Chen et al. 2005) can yet exhibit a clear structural 
preference for the BI-state by relocating hydration water in a substate-specific manner. 
 
The role of the hydration shell water structure in modulating DNA conformation was further 
addressed by hydration modulation experiments of DNA-Eu
+3
 films. Under low humidity, 
Eu
+3
 is not bound in a salt-like fashion to DNA and does not affect conformational transitions. 
With more than 14 water molecules per phosphate, however, Eu
+3
 organizes a highly 
structured water ne
reorganizes the DNA hydration shell in a highly cooperative way similar to a phase transition 
in which H-bonds to the bases are strongly affected indicative of base unstacking. Time-
resolved laser fluorescence spectroscopy showed that the double stranded structure of the 
DNA binds Eu
+3
 more efficiently than single stranded DNA and replaces 5 water molecules 
of the 9 coordinating water molecules of the aquaion of Eu
+3
. In combination with the FTIR 
date the results indicate that the remaining 4 water molecules form a structured hydration 
network which shields the PO2
-
 group from sensing the hydration shell growth and force the 
DNA in an unusual state with an increased specific volume and a quasi stoichiometric water 
content. In contrast, cobalt (III) hexamine does not cause an abberant structural transition but 
enhances the BIIBI transition in response to hydration shell growth. Both cations increase 
the film volume expansion upon water uptake but only Eu
+3
 leads to the unusually structured 
H-bond network with a narrow n(OH) mode, whereas the hydration shell in the presence of 
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cobalt (III) hexamine is more disordered (broadening of the n(OH)), thereby favouring the BI 
conformation.      
 
Thus, the effect of trivalent cations on DNA structure is strongly dependent on their capability 
to restructure the DNA hydration shells. Despite the common electrostatic properties, DNA 
responds very differently, showing that water structure is the more important factor in 
modulating DNA conformation than charge. The more disordering effect of cobalt (III) 
hexamine on the water structure correlates with an increase of the BIIBI transition, whereas 
the highly ordering effect of Eu
+3
 leads to an unusual DNA conformation with considerable 
unstacking of the bases. 
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Chapter One 
(Introduction) 
Water is not just a medium that dissolves a solute. Interactions between solute and water also 
play an important role regarding the structural and conformational preferences of 
macromolecules, simultaneously actively participating in all aspects of molecular function. 
The structural effect of the water on the biomolecule is exerted by ordered waters that serve as 
localized hydrogen donors or acceptors for polar and charged groups of a macromolecule or a 
macromolecular complex. Frequently, these ordered waters serve to bridge polar and charged 
groups of biopolymers and their complexes and may be conceptualized as a structural 
extension of the macromolecule (Denisov, Carlstrom et al. 1997). 
 
Structure determines function of biomolecules, for example, receptors change their structure 
upon binding to ligands, and enzymes become activated by structural changes. In general, 
molecular recognition is the key process in biological systems and this is particularly the case 
for DNA where its structure is a direct outcome of molecular recognition leading to the well 
known double stranded helix held together by complementary base pairs linked together 
through “recognition” between H-donors and acceptors provided by the four bases (Ball 
2008). 
 
The double stranded DNA has to be recognized by a large variety of proteins such as 
transcription factors and helicases involved in gene expression. During these processes, DNA 
opens up despite its stability, and this requires interchange of its structure, where water plays 
a vital role. 
 
The structural conformation of DNA, and hence its function, depends to a large extent to the 
amount of water surrounding it. B-DNA needs about 30%, by weight, water to maintain its 
native conformation in the crystalline state. Partial dehydration converts it to A-DNA (with a 
narrower and deeper major groove and very wide but shallow minor groove). The B-DNA 
possesses a spanning water network, and it is the loss of its continuity together with the 
competition between hydration and direct cation coupling to the free oxygen atoms in the 
phosphate groups (Gu, Zhang et al. 2008) that gives rise to the transition to A-DNA.
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Moreover, water plays a decisive role for the interconversion between DNA’s conformational 
substates, where it has been shown that pronounced infrared spectral changes upon BI ↔ BII 
interconversion are consistent with migration of water from ionic phosphate towards the 
phosphodiester and sugar moieties (Arthur Pichler and Andreas Hallbrucker 1999).  
 
It has been also shown that the BI-BII ratio depends strongly on the water content, that is, at 
low water activities, the BII substate population even seems to dominate (Arthur Pichler 
2000). Moreover, both experimental and theoretical studies on thermodynamics of protein-
DNA binding showed that water release from interfaces favours binding. From structural and 
thermodynamic analysis, there are indications that water remains at the protein-DNA complex 
interface at liquid-state packing density, screening the electrostatic repulsions between like 
charges, and in few cases acting as linkers between complimentary charges on the 
biomolecules (Jayaram and Jain 2004).   
 
1.1 Water interaction sites on DNA affect DNA structure   
IR spectroscopy of DNA films as a function of relative humidity has shown that there is a 
primary hydration shell, consisting of water with different OH stretching frequencies than 
liquid H2O, which is immediately adjacent to DNA. This shell can be classified into two 
classes: Class I contains 11-12 waters per nucleotide and bound directly to DNA. About 6 of 
these are tightly bound to the sugar-phosphate chain: two most strongly bound to the ionic 
phosphates and four to the phosphodiester and furanose oxygen atoms. The other 4-6 Class I 
waters are less tightly bound to sites on the bases, such as C=O, heterocyclic N, NH, and NH2 
(Teixeira 2009), (Wyttenbach and Bowers 2009).  
 
Class II contains 8-9 additional waters per nucleotide with modified IR characteristics. These 
are hydrogen bonded to the Class I waters. A secondary shell surrounds the primary hydration 
shell and its properties are essentially those of liquid water (Bloomfield 2000). 
 
X-ray crystallography enables one to detect a subpopulation of the more localized water 
molecules predominantly from the first hydration shell. Furthermore, Molecular dynamics 
simulations based on crystal structures provided by crystallography can be very useful 
exploring the microscopic structures of the water surrounding nucleic acids (Long, Kudlay et 
al. 2006). Less localized waters or waters from more distant hydration shells are bound less 
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tightly and generally do not contribute to measurable electron densities. By molecular 
dynamics A-, B-, or Z-DNA duplexes without cocrystallized drugs, sugar, and phosphate 
modifications or base mismatches and with crystallographic resolution better than or equal to 
2.0 Å it was found that in all three conformations, water exhibits the highest affinity for the 
anionic O1P and O2P oxygens (see Fig. 1.1) (Schneider, Patel et al. 1998). According to 
molecular dynamics calculations, the next highest affinity is observed for the hydrophylic oxo 
groups of purine and pyrimidine bases followed by the exocyclic and endocyclic nitrogens of 
the bases (Schneider, Patel et al. 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Chemical structures of GC (panel A) and AT (panel B) base pairs 
with schematic representation of potential hydration sites. The diagram specifies 
those functional groups of DNA, in the vicinity of which waters are observed 
frequently in X-ray crystallographic structures. The diagram does not reflect the 
relative occupancies and precise localizations of individual water molecules. 
(Chalikan 2008) 
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Each of the two partially charged phosphate oxygens, O1P and O2P, has three hydration sites 
in the first layer, which form a so-called “cone of hydration.” By contrast, O3´ and O5´ 
phosphate ester oxygens and the ring oxygen O4´ are hydrated poorly. No ordered water 
molecules exist within 3 Å from O3´ and O5´ oxygens. In the right-handed A- and B-DNA,   
 
O5´ is excluded sterically from water. All water contacts to O3´ are longer than 3.1 Å, which 
suggests only weak hydrogen bonding of waters that are bound primarily to the partially 
charged oxygens O1P and O2P (Sundaralingam and Pan 2002). 
 
The O4´ oxygen of the furanose ring, which is often shielded by the attached base or by 
stacking on a neighbouring base, can participate in hydration networks, although its 
involvement depends on its accessibility to water. Crystallographic studies showed that in A- 
and B-DNA, O4´ usually shares water molecules with the minor groove hydrophilic base 
atoms from a previous residue. In the Z-form, only the guanine sugar O4´ atom is accessible 
for hydrogen bonding, because the O4´ atoms of cytosine sugars are oriented toward the 
guanine ring of the next residue. In B-DNA, water molecules that solvate neighboring 
phosphate groups can be linked only through second-layer waters (Westhof 1987). By 
contrast, in A- and Z-DNA, water molecules frequently bridge anionic phosphate oxygen 
atoms of different residues (Schneider, Patel et al. 1998). In A- and Z-DNA, water molecules 
that bridge anionic phosphate oxygens form apparent strings of water along the duplex 
backbone. In fact, it has been proposed that the more economical hydration of phosphate 
oxygens in A- and Z-DNA relative to B-DNA is the driving force behind the B-to-A and B-
to-Z transitions observed in conditions of reduced water activity (Wolfram Saenger 1986).  
 
The periodic order of double-stranded nucleic acids facilitates arrangement of water 
molecules into regular hydration networks in and at the grooves. Except for B-DNA with its 
strong, sequence-dependent pattern of minor groove hydration, polar atoms in the DNA 
grooves are well hydrated at about half the level of the O1P and O2P oxygen atoms 
(Schneider, Patel et al. 1998). In the minor groove of AT-rich domains of B-DNA, water 
molecules that bridge the adenine N3 and thymine O2 atoms are, in turn, connected via other 
waters, there by creating the spine of hydration. A similar spine of hydration has been 
reported for the minor groove of Z-form d(CGCGCG)2, in which water molecules form 
hydration networks that bridge O2 cytosine atoms on opposite strands (Wolfram Saenger 
1986). The major groove of A-DNA is narrower than that of B-DNA. This disparity, in 
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conjunction with shorter interphosphate distances in A-DNA, results in more extensive water 
networks in the major groove of A- relative to B-DNA. In fact, in the A-DNA octamer 
d(GGTATACC)2 and decamer d(GCGTATACGC)2, the water molecules in the major 
groove are arranged in fused pentagons and hexagons that connect the phosphate backbone 
with the bases.  
 
1.2 DNA’s BI and BII conformer substates 
Sugar–phosphate backbone conformations are an important structural element for a complete 
understanding of specific recognition in nucleic acid–protein interactions. They can be 
involved both in early stages of target discrimination and in structural adaptation upon 
binding (Hartmann, Piazzola et al. 1993). During its interaction with proteins, the canonical 
B-form of the DNA double helix undergoes various conformational changes. Crystal and 
solution structures of protein-DNA complexes indicate that the DNA phosphodiester 
backbone can adopt different non-canonical conformations (Hartmann, Piazzola et al. 1993), 
presumably stabilised by the direct or indirect effects of numerous contacts between the DNA 
backbone and amino acid side chains. The backbone has an important role in restricting the 
available conformational space for stacking bases and in coupling the conformational 
properties of neighbouring nucleotide steps in a sequence.  
 
Hydration and dynamical behaviour of DNA play a decisive role for its biological function, 
especially the interconversion between the conformational substates of B-DNA, BI and BII, 
may participate significantly in ligand binding within the backbone phosphate groups, which 
has been shown to be important in numerous investigations. In the BI state the corresponding 
ε (C4’-C3’-O3’-P) and ζ (C3’-O3’-P-O5’) angels (Figure 1.2) derived from X-ray structures 
are between 120-210° and 235-295°, respectively; for BII ε lies between 210° and 300°  and ζ  
between 150° and 210° (Schneider, Neidle et al. 1997).  
 
Thus, the BI↔BII interconversion represents a small but significant reorientation of the 
charged phosphate group of the DNA backbone. Figure 1.3 shows a part of the DNA 
dodecamer with one phosphate group in both the BI and BII conformation. The upper picture 
is a snapshot at 900 ps with the highlighted phosphate in the BII substate; the lower picture is 
a snapshot at 2100 ps, therein the same phosphate is in the BI state (Wolfgang Flader and Erwin 
Mayer 2001). 
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Figure 1.2 Atomic numbering scheme and definition of torsion angles for a 
polyribonucleotide chain. Counting of nucleotides is from up to bottom, in 
the direction of O5
’
  O3
’. 
(Bloomfield 2000)
 
Figure 1.3 Part of the DNA dodecamer with one phosphate group in 
both the BI and BII conformations. In the upper picture (snapshot at 
900 ps) the highlighted phosphate is in the BII substate; in the lower 
picture (snapshot at 2100 ps) the same phosphate is in BI (Wolfgang 
Flader and Erwin Mayer 2001). 
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1.3 Water role on the BI↔BII interconversion 
Low-temperature FTIR spectroscopy experiments show that native B-DNA from salmon 
testes and the d(CGCGAATTCBCG)2 dodecamer have the same BI and BII substates (Pichler, 
Rudisser et al. 1999). The assignment of the FTIR spectral signatures related to BI↔BII 
conformer substates interconversion have been determined from comparison with X-ray 
single crystal studies of synthetic oligonucleotides and confirmed by MD calculations (Arthur 
Pichler and Andreas Hallbrucker 1999). 
 
BI interconverts into BII on isothermal relaxation at 200 K, whereas on slow cooling from 
ambient temperature, BII interconverts into BI. The estimation of the dodecamer’s BI-to-BII 
conformer substate population by curve resolution of the symmetrical stretching vibration of 
the ionic phosphate is 2.4 ± 0.5 to 1 at 200 K, and it is 1.3 ± 0.5 to 1 between 270 and 290 K. 
Pronounced spectral changes upon BI-to-BII interconversion are consistent with base 
destacking coupled with migration of water from ionic phosphate toward the phosphodiester 
and sugar moieties. Nonspecific interaction of proteins with the DNA backbone could become 
specific by induced-fit-type interactions with either BI or BII backbone conformations. This 
suggests that the BI-to-BII substate interconversion could be a major contributor to the protein 
recognition process. 
 
Furthermore, Mayer showed that the migrating water is more strongly hydrogen bonded in the 
BII substate than in BI, and thus, the BII substate is stabilized in comparison to BI (Arthur 
Pichler and Andreas Hallbrucker 1999). The population of the BII substate is enhanced in 
nonoriented hydrated films in comparison to single crystals of similar water content, and thus, 
it could be of biological relevance. Nonspecific interaction of proteins with the DNA 
backbone could become specific by induced-fit-type interactions with either BI or BII 
backbone conformations.  
 
It has been also shown that BII population increases with decreasing water activity 
demonstrating that differences in hydration are the driving force for the BI→BII transition 
(Pichler, Rüdisser et al. 2000). An enhanced BII population could be significant for the 
interaction of proteins with B-DNA in chromatin and the BII substate could be an intermediate 
in the transition of canonical B- to A-DNA. This relates to the question whether A- and B-
DNA can coexist in vivo and how a conversion is achieved. Since both the population of A-
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 19 
DNA and of the BII substate increase with decreasing water activity, it is suggested that the 
canonical B (or BI) → A transition could occur via BII as the intermediate. In this case, BII 
would be a stable intermediate that is in equilibrium with A- and canonical B-DNA. The 
sugar conformation in BII is the B type, but the destacking observed with the BI→BII 
transition could be a hint toward an A-type conformation. Destacking is observed both with 
BI→ BII and with the canonical B→A-DNA transition. Thus, destacking the BI→BII transition 
could precede the changes eventually lead to the B→A transition. 
 
1.4 Motivation 
Conformational substates interconversion plays a very decisive role upon DNA-Protein 
complexation (Poncin, Hartmann et al. 1992). These are governed to a large extent by water 
activities on the phosphate group of the DNA’s backbone. FTIR spectroscopy has been very 
efficiently used to study the hydration of DNA molecules specially to monitor the BI↔BII 
substates interconversion.  
 
The low temperature static FTIR work of Pichler (Arthur Pichler 2000), (Pichler, Rudisser et 
al. 1999), (Arthur Pichler and Andreas Hallbrucker 1999) described very well the role of 
hydration water on this conformational substate interconversion. The existence of different 
water populations in the DNA hydration shell has been already proposed to account for large 
scale transitions between A, B and Z DNA as a function of hydration, however, attempts to 
distinguish strongly and weakly bound water populations by measuring dipolar relaxations 
using fluorescence spectroscopy failed to identify water molecules with well separated 
relaxation times(Pal, Zhao et al. 2003) as was expected in the case of a “stable” spine of 
hydration as revealed in DNA crystals but also in solution using NMR. Also quick-freeze 
trapping of the presumed distinct water populations resulted in an unexpected result. The 
quickly trapped BII state at ~200 K did not relax to the BI formation in excess to its 
concentration when cooled at thermal equilibrium. The work described here presents the 
temperature sensitive conformational changes by directly modulating the DNA hydration 
shell (Pichler, Rudisser et al. 1999). 
 
In our method here, hydration perturbation, we introduce the advantage of the ability of 
investigating these processes under ambient temperature and in a time-resolved manner to 
monitor the hydrational and structural changes that the DNA undergoes upon hydration 
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perturbation within the scale of ~ 48 seconds. The IR approach is motivated by the possibility 
of a direct assignment of water OH stretch to different water populations in the DNA 
hydrations shell.   
 
Importantly, hydration perturbation studied by time-resolved FTIR difference spectroscopy 
helps to explore these populations, and investigate their dynamics and preferential affinities to 
different DNA chemical groups using 2-D correlation of the time-resolved FTIR spectra. 
 
Based on the high sensitivity of the time correlation to synchronous and asynchronous 
changes in the water and DNA structure, the method was further extended to study the role of 
water in DNA complexation with other ligands, such as drugs, proteins and metals. 
Knowledge of these processes on a molecular level is crucial for exploring DNA recognition 
in biotechnology and biomedical applications. 
 
This method also introduces other advantages over X-ray crystallography, which has been 
widely used to investigate water structures around DNA. Whereas X-ray crystallography can 
monitor the tightly bound water, the less tightly bound waters can not be further resolved. It 
must also be remembered that X-ray crystallography resolves oxygen position only. H-bond 
directions are hypothetical and their strength is not deducible. IR spectroscopy, in contrast, is 
capable of resolving different water populations even if they are in fast equilibrium on a time 
scale of ~ 10 fs, i.e. much faster than required for spectral resolution by NMR. The time-
resolved hydration perturbation method utilizes the 2D-correlation as a powerful tool for the 
qualitative analysis of both tightly bound and bulk water. In addition to that, 2D-correlation 
has been used very successfully to resolve two different modes of binding between water and 
the DNA’s backbone phosphate. Here, the advantage over static X-ray methods lies in the 
analysis of synchronous versus asynchronous spectral changes at different wavenumbers. 
Thereby, the hydration-sensitive alterations of direct water DNA contacts can be 
distinguished from indirect structural effects as the case for backbone H-bonding and slow 
water-driven conformational changes of extended structures, respectively.  
 
Furthermore, using the FTIR hydration perturbation method, we can study samples of natural 
DNA, like the salmon testes DNA, whereas X-ray crystallography is limited to short DNA 
samples under less physiological conditions.   
 
Chapter One                                                                                       Introduction    
 
 21 
Previous studies have concentrated on the volumetric aspects of DNA hydration without a 
simultaneous microscopic monitor of atomic resolution. Here, we present a method that can 
provide both microscopic (through IR bands) and macroscopic (through DNA volume 
change) insights at the same time in a time resolved manner as a function of slightly 
perturbing the DNA hydration state by the addition of a few water molecules per backbone 
phosphate to the DNA film.  
 
1.5 Infrared absorption 
IR spectroscopy uses the advantage that molecules absorb specific frequencies which reflect 
their structure. These absorptions take place at resonant frequencies, i.e. the frequency of the 
bond or group that is vibrating matches the frequency of the absorbed IR radiation. In this 
section, IR absorption bands and their frequency and intensity are explained and how different 
molecules have different modes of vibration giving rise to different absorption bands 
(Taillandier and Liquier 1992), and how different absorption bands can be originated from the 
same molecule like what will be shown later in this work, where the DNA backbone’s 
phosphate bands POas and POsy show different response to the hydration water.      
 
1.5.1 Normal modes of vibration 
A molecule can be looked upon as a system of masses joined by bonds with spring-like 
properties. First we look at the simple case of a diatomic molecule. Such molecules have three 
degrees of translational freedom and two degrees of rotational freedom. The atoms in 
molecules can also move relative to one another, i.e. bond lengths can vary or one atom can 
move out of its present plane. This is a description of stretching and bending movements 
which are collectively referred to as vibrations. For a diatomic molecule only one vibration is 
possible, which corresponds to the stretching and compression of the bond. This accounts for 
one degree of vibrational freedom. 
 
Polyatomic molecules containing many (N) atoms will have 3N degrees of freedom. Looking 
first at the case of molecules containing three atoms, we can identify two groups of triatomic 
molecules, namely linear and nonlinear, with two simple examples of these being CO2 and 
H2O respectively (Figure 1.4). Both CO2 and H2O have three degrees of translational 
freedom. Water has three degrees of rotational freedom, but the linear molecule CO2 has only 
two, since no detectable energy is involved in rotation around the O―C―O axis. Subtracting 
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these from 3N, we have 3N-5 for CO2 (or any linear molecule) and 3N-6 for water (or any 
nonlinear molecule). N in both examples is three, so CO2 has four vibrational modes and 
water has three. The degrees of freedom for polyatomic molecules are summarised in Table 
1.1. 
 
 
 
 
 
 
Type of degree of freedom Linear Nonlinear 
Translational 3 3 
Rotational 2 3 
Vibrational 3N-5 3N-6 
Total 3N 3N 
 
Whereas a diatomic molecule has only one mode of vibration which corresponds to a 
stretching motion, a nonlinear B―A―B type triatomic molecule has three modes, two of 
which correspond to stretching motion, with the other corresponding to a bending motion. A 
linear-type triatomic molecule has four modes, of which two have the same frequency and are 
thus degenerate. 
 
Two other concepts are also used to explain the frequency of vibrational modes. These are the 
stiffness of the bond and the masses of the atoms at each end of the bond. The stiffness of the 
bond can be characterized by a proportionality constant termed the force constant (k) (derived 
from Hook’s law). The reduced mass (μ) provides a useful way of simplifying calculations by 
combining the individual atomic masses, und may be expressed as follows 
Table 1.1:  Degrees of freedom for polyatomic molecules. 
 
Figure 1.4: Carbon dioxide and water molecules. 
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                                                                                                   (1.1) 
Where m1 and m2 are the masses of the atoms at the ends of the bond. A practical, alternative 
way of expressing reduced mass: 
mm
mm
21
21

                                                                                                                 (1.2) 
The equation relating force constant, reduced mass and the frequency of absorption is as 
follows: 







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
k
2
1
                                                                                              (1.3) 
The collection of all mass displacements in a molecule that occur with the same frequency 
and passing through their equilibrium position at the same time constitute a normal mode and 
a molecule can only absorb radiation when the incoming infrared radiation is of the same 
frequency as one of the fundamental modes of vibration of the molecule. This means that the 
vibrational motion of the small part of the molecule is increased, while the rest of the 
molecule is left unaffected. 
 
The amplitude of one normal mode is increased while other normal modes are unaffected 
even if the share movements of the same atoms. Normal modes of molecules containing N 
atoms are obtained by the extension of eq. (1.3) such that the squared frequencies are 
eigenvalues of a 3N x 3N matrix, called the hessian matrix, with eigenvectors representing the 
normal modes (E. Wilson 1980).  
 
1.5.2 Intensity of infrared bands 
For a vibration to give rise to the absorption of infrared radiation, it must cause a change in 
the dipole moment of the molecule. The larger this change, the more intense the absorption 
band will be: 
A   P/Q                                                                                                                (1.4) 
Where A is the Absorption, P is the dipole moment, and Q is the normal mode. 
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Because of the difference in electronegativity between carbon and oxygen, the carbonyl group 
is permanently polarized, as shown in Figure (1.5). Stretching this band will increase the 
dipole moment and hence C=O stretching is an intense absorption.  
 
 
 
In CO2, two different stretching vibrations are possible, namely (a) symmetric and (b) 
asymmetric (Figure 1.6). 
 
 
 
 
 
The net dipole moment is the sum of the components along the individual bonds. Therefore, 
CO2 in the ground state has no dipole moment. If the two C=O bonds are stretched 
symmetrically, there is still no net dipole moment and thus there is no infrared activity (Fig. 
1.6a). However, in the asymmetric stretching mode, the two C=O bonds are of different 
length and hence the molecule exhibits a dipole moment. Therefore, the vibration in Figure 
(1.6b) is infrared active. 
 
In practice the “black and white” situation does not prevail. The change in dipole may be very 
small, and hence leads to a very weak absorption. 
 
Symmetrical molecules will have fewer infrared-active vibrations than unsymmetrical 
molecules, and symmetric vibrations will generally be weaker than asymmetric vibrations, 
since the former will not lead to a change in dipole moment. Likewise, the bending or 
stretching of bonds involving atoms in widely separated groups exhibit higher infrared 
activity.  
 
Figure 1.5: The dipole moment in carbonyl group. 
          Figure 1.6: The stretching vibrations of carbon dioxide. 
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1.5.3 Quantum chemical calculations of the normal modes 
Whereas classical normal mode analysis has successfully determined the frequencies of many 
small and medium sized molecules based on empirical or semiemperical force fields, 
intensities are not predictable. The most accurate approach to analyse normal modes is by 
quantum chemical methods, which, due to progress in the development of the hardware and 
efficient and user-friendly program packages, are nowadays applicable to biological 
molecules, including molecules of more than 50 non-hydrogen atoms. 
 
In these methods, an initial “guess” geometry of a molecule is set up and the Schrödinger 
equation is solved in self-consistent field calculations, which lead to the energy Eigenvalues 
for this geometry. Systematic variations of internal coordinates then eventually afford the 
geometry of lowest energy. This energy optimisation allows the determination of the force 
constants by calculating the second derivatives of the potential energy. Thus all elements the 
FG- matrix (a matrix that describes the force constants of the different bonds and contains all 
the information on the chemical constitutions and the structure of the molecule) can be 
computed and the normal modes are determined (Hildebrandt 2008).   
 
The most promising quantum chemical method is based on density functional theory (DFT), 
which represents an excellent compromise between accuracy and computational costs. Unlike 
Hartree-Fock procedures, DFT is directed to calculated electron densities rather than 
wavefunctions. In this method, the energy depends on electron density and this dependency is 
included in a functional. There are various functionals that have been suggested and tested for 
calculating different observables. For calculations of vibrational frequencies, the B3LYP 
functional is widely used and it was found to reproduce experimental data in a satisfactory 
manner when using the standard 6-31G* basis set, where the 6-31G* basis set is a split 
valence basis set where core orbitals are  
the contraction of 6 primitive gaussian type orbitals (PGTO). The inner part of the valence 
orbitals are contraction of 3 PGTOs and the outer part of the valence  
orbital is represented by 1 PGTO. The asterisk (*) represents polarization function added to 
the basis functions. Nevertheless, the underlying approximations cause deviations from the 
experimental frequencies that are approximately in the order of 4%, corresponding to a 
frequency uncertainty of ±60 cm
-1
 for modes between a500 and 1700 cm
-1
. Considering 
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medium-sized molecules of 25 atoms, one may expect ca. 50 normal modes in the spectral 
region between 200 and 1700 cm
-1 
that is usually studied by IR and Raman spectroscopy. This 
corresponds to an average density of modes of ca. 1 mode per 30 cm
-1
, such that an accuracy 
of 4% for the calculated frequencies would not allow unambiguous assignment for all 
experimentally observed bands. 
 
The errors associated with the DFT calculations result from insufficient consideration of the 
electron correlation, and, more severely, from the harmonic approximation. The latter effect, 
illustrated in figure (1.7), causes an overestimation of the force constants, as the harmonic 
potential function is too narrow compared with an anharmonic potential function.  
 
The simplest procedure is to correct the frequencies uniformly by multiplication with an 
empirical factor. This frequency scaling increases the accuracy of the calculated frequencies 
to ca. ±25 cm
-1
, which, however, is at the limit for an unambiguous vibrational assignment for 
molecules that include up to 50 atoms. 
 
The most reliable procedure to correct for the intrinsic deficiencies of the quantum chemical 
calculations is to scale the force field directly by using scaling factors that are specific for the 
various internal coordinates. 
 
These scaling factors can be determined for small model molecules for which a sound 
assignment of the experimental bands is established, such that the specific correction factors 
can be adjusted to yield the best agreement between calculated and experimental data (G. 
Rauhut 1995),  
 
The scaling factors are characteristic of specific internal coordinates but not unique for an 
individual molecule. Thus, they can be transferred to the target molecule and used without 
any further fine tuning. This concept of global scaling factors has been shown to provide an 
accuracy of ca. ±10 cm
-1
 for the calculated frequencies, even for large molecules. Applying 
the global scaling approach, however, requires a coordinate transformation of the force field 
from the Cartesian to internal coordinates, which is not a routine procedure in each case. 
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Even on the basis of scaled quantum chemical force fields, the comparison with the calculated 
frequencies alone does not allow for an unambiguous assignment for many biological 
molecules as large as, for example, tertrapyrroles or retinals. Therefore, calculated band 
intensities are often required as additional assignment criteria. Calculation of IR and Raman 
intensities is straightforward within the software packages of quantum chemical methods used 
for the force field calculations.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this study, quantum chemical calculations are used to study how the water coordination 
affects normal modes of vibrations of the phosphate group of the DNA. The symmetric and 
asymmetric vibrational modes of the phosphate group appear around 1084 cm
-1
 and 1222 cm
-1
 
respectively, and these vibrational modes maybe coupled with the motion of the coordinated 
water. These normal modes are heavily affected by the orientation of the water molecules 
while it is not trivial to get such information experimentally. The DFT calculations are used 
here to get the coordination of the water molecules to the phosphate group, and also to 
understand how it affects the symmetric and asymmetric vibrational modes of the phosphate 
group. 
Figure 1.7: Potential curves for a diatomic oscillator as a function of the inter-
atomic distance r. the solid line is a schematic representation of a Morse potential 
function for an anharmonic oscillator whereas the dotted line refers to the harmonic 
potential function. 
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Therefore, the work presented here extends the previous vibrational analyses of the DNA-
backbone which where done in the absence of water, with a smaller basis set, and without 
correlating energies (Guan and Thomas 1996). 
 
 
 
 
 
 
 
 
 
 29 
Chapter Two 
 (Methods) 
In this chapter the biophysical methods that have been used throughout this thesis will be 
described. As a core method, time-resolved (rapid scan) FTIR difference spectroscopy has 
been used to observe structural changes of DNA molecules undergo upon pertubating their 
hydration shell on the intrinsic time scale of seconds and dependence of different DNA. 
Another method for is the titration circular dichroism (CD) spectroscopy, which reveals 
structural changes in DNA binding of ligands leading to DNA dehydration and destacking. 
Finally, time-resolved laser-induced fluorescence Spectroscopy (TRFLS) was used to probe 
the coordination of DNA-bound europium (III) revealing the number of inner sphere water 
molecules of Eu
+3
 in complex with dsDNA and ssDNA. 
 
2.1 Fourier transformation infrared spectroscopy (FTIR) 
Infrared spectroscopy has played a very vital role as a technique for materials analysis in the 
laboratory for over the last seven decades. An infrared spectrum represents a fingerprint of a 
sample with absorption peaks which correspond to the vibrational frequencies of the chemical 
bonds making up the material. Because each different material is a unique combination of 
atoms, no two compounds produce the exact same infrared spectrum. Therefore, infrared 
spectroscopy can result in a positive identification (qualitative analysis) of every different 
kind of material. In addition, the size of the peaks in the spectrum is a direct indication of the 
amount of material present. With modern software algorithms, infrared is an excellent tool for 
quantitative and qualitative analysis. 
 
The domain of biological applications of infrared spectroscopy encompasses a wide range of 
very different molecular structures. Biological molecules are conveniently grouped into four 
major classes: proteins, nucleic acids, lipids and carbohydrates. However, the various types of 
biomolecules interact among themselves and with each other. The forces involved in these 
molecular interactions are generally weak; they comprise electrostatic interactions, hydrogen 
bonds and van der Waals interactions. All of these can be readily studied by infrared 
spectroscopy. In fact, the interplay of these different types of interactions is often responsible 
for the particular structure adopted by a given biomolecule.
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Infrared spectroscopy possesses a number of intrinsic advantages for studies of biological 
systems. As mentioned previously, this technique provides information not only on the 
chemical structure of the biochemical compounds being studied, but also on their physical 
state, conformation and the local environment. Moreover, because infrared spectroscopy is a 
sub-molecular technique, structural and dynamic information from all regions of the 
biomolecules under study is obtained simultaneously. Since the structural and dynamic data 
gathered arise directly from the vibrations of the molecules under study. Thus, no potentially 
perturbing molecular probes need to be introduced into the biological (Taillandier and Liquier 
1992). 
 
Fourier Transform Infrared (FTIR) spectrometry was developed in order to overcome the 
limitations encountered with dispersive instruments. The main difficulty was the slow 
scanning process. A method for measuring all of the infrared frequencies simultaneously, 
rather than individually, was needed. A solution was developed which employed a very 
simple optical device called an interferometer. The interferometer produces a unique type of 
signal which has all of the infrared frequencies “encoded” into it. The signal can be measured 
very quickly, usually on the order of one second or so. Thus, the time element per sample is 
reduced to a matter of a few seconds rather than several minutes. 
 
Some of the major advantages of FT-IR over the dispersive technique include: 
 
• Speed: Because all of the frequencies are measured simultaneously, most measurements by 
FT-IR are made in a matter of seconds rather than several minutes. This is sometimes referred 
to as the Felgett Advantage, which expresses the increase of the signal to noise ratio by a 
factor of N  over a dispersive instrument, where N denotes the number of spectral elements 
to be measured. 
 
• Sensitivity: Sensitivity is dramatically improved with FT-IR for many reasons. The Optical 
throughput is much higher (referred to as the Jacquinot Advantage) which results in much 
lower noise levels, and the fast scans enable the coaddition of several scans in order to reduce 
the random measurement noise to any desired level (referred to as signal averaging), as long 
as the noise is digitized. 
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• Mechanical Simplicity: The moving mirror in the interferometer is the only continuously 
moving part in the instrument. Thus, there is very little possibility of mechanical breakdown. 
 
• Internal Calibration: These instruments employ a HeNe laser as an internal wavelength 
calibration standard (referred to as the Connes Advantage). These instruments are self-
calibrating and never need to be calibrated by the user. 
 
The FTIR technique is quite sensitive, thus requiring only small amounts of sample. As well, 
samples in a variety of forms and physical states can be studied. With the improved sensitivity 
and data processing capabilities of modern instruments, the presence of water in biological 
samples is no longer a serious obstacle in their analysis. Thus, along with powerful ability of 
FTIR to study structural and conformational changes of biomolecules, it is very efficient to 
use it to investigate the water structures of nucleic acids and the role it plays on DNA’s 
structure and conformation. Typically, absorption changes in the 10
-4
-10
-3
 can be measured 
over the entire mid IR (2.5-25 µm corresponding to 4000-400 cm
-1
). 
 
2.1.1 FTIR method 
An FT-IR is typically based on a Michelson Interferometer; an example is shown in Fig. 2.1. 
The interferometer consists of a beam splitter, a fixed mirror, and a mirror that translates back 
and forth, very precisely. The beam splitter is made of a special material that transmits half of 
the radiation striking it and reflects the other half. Radiation from the source strikes the beam 
splitter and separates into two beams. One beam is transmitted through the beam splitter to the 
fixed mirror and the second is reflected off the beam splitter to the moving mirror. The fixed 
and moving mirrors reflect the radiation back to the beam splitter. Again, half of this reflected 
radiation is transmitted and half is reflected at the beam splitter, resulting in one beam passing 
to the detector and the second back to the source. 
 
Optical Path Difference (OPD) is the path difference between the beams travelling through 
the two arms of an interferometer. OPD is equal to the product of the physical distance 
travelled by the moving mirror (multiplied by 2, 4, or other multiplier which is a function of 
the number of reflecting elements used) and n, the index of refraction of the medium filling 
the interferometer arms (air, Nitrogen for purged systems, etc.). 
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The raw FT-IR data consists of a number of signal, OPD and data pairs of values. 
FT-IR has a natural reference point when the moving and fixed mirrors are the same distance 
from the beam splitter. This condition is called zero path difference or ZPD. The moving 
mirror displacement, Δ, is measured from the ZPD. In Fig. 2.1 the beam reflected from the 
moving mirror travels 2Δ further than the beam reflected from the fixed mirror. Thus, the 
OPD=2Δ. 
 
In the case of a monochromatic light of intensity A and a 50% beam splitter is used, then we 
will have two beams (b1 and b2) recombining again at the beam splitter after reflecting from 
the fixed and moving mirrors with intensities A1=A2=A/2. If the two beams are in phase, then 
their troughs and peaks will line up and the resultant wave will have amplitude A = A1 + A2. 
This is known as constructive interference and it takes place at: 
 
OPD=m λ,   where m=1, 2, 3                                                                           (2.1) 
 
If the two waves are 180° out of phase, then one wave's crests will coincide with another 
wave's troughs and so will tend to cancel out. The resultant amplitude is A = |A1 − A2| and 
since A1 = A2, the resultant amplitude will be zero. This is known as destructive interference 
and it occurs at: 
Figure 2.1: A Schematic of a generic Michelson interferometer. 
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OPD= (m+1/2) λ,   where m= 1, 2, 3                                                                   (2.2) 
 
Thus the resultant wave will be a sinusoid with an intensity of A and a frequency 
corresponding of the original wave before the beam splitter. When a broadband light is used, 
then each frequency component will give rise to a sinusoid with certain frequency, phase and 
amplitude, and when they all recombine again they produce a complex signal called the 
interferogram. 
 
Fig. 2.2 shows the interferogram of a broadband light source which is significantly more 
complex looking than a single sinusoid, which would be expected if only a single wavelength 
of light was present. The centerburst is a telltale signature of a broadband source. Its origin 
lies in the fact that all wavelengths are in-phase at the ZPD. Therefore, their contributions are 
all at maximum and a very strong signal is produced by the system’s detector. Consequently, 
large dynamic range ADCs are required for data processing. 
 
As the OPD grows, different wavelengths produce peak readings at different positions which, 
for a broadband signal, do not generally coincide. Thus, the interferogram becomes a complex 
looking oscillatory signal with decreasing amplitude as the OPD increases 
 
Spectral component contributes to this signal a single sinusoid with a frequency inversely 
proportional to its wavelength. This leads us to the definition of the unit of spectral 
measurement. The wavenumber (cm
-1
) which represents the number of full waves of a 
particular wavelength per cm of length (typically in vacuum; index of refraction n=1). The 
advantage of defining the spectrum in wavenumbers is that they are directly related to energy 
levels. A spectral feature at 4,000 cm
-1
 spectral location represents a transition between two 
molecular levels separated by twice the energy of a transition with spectral signature at 2,000 
cm
-1
. 
 
Once an interferogram is collected, it needs to be translated into a spectrum (emission, 
absorption, transmission, etc.). The process of conversion is through the Fast Fourier 
Transform algorithm. The discovery of this method by J.W. Cooley and J.W. Tukey in 1965, 
followed by an explosive growth of computational power at affordable prices, has been the 
driving force behind the market penetration of FT-IR instruments. 
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A number of steps are involved in calculating the spectrum. Instrumental imperfections and 
basic scan limitations need to be accommodated by performing phase correction and 
apodization steps. These electronic and optical imperfections can cause erroneous readings 
due to different time or phase delays of various spectral components. Apodization is used to 
correct for spectral leakage, artificial creation of spectral features due to the truncation of the 
scan at its limits (a Fourier transform of sudden transition will have a very broad spectral 
content). 
 
Fig. 2.3 shows a single channel water transmission spectrum that has been recorded using 
attenuated total reflectance (ATR) as a sampling technique (see section 2.1.3).  
This spectrum shows the bands of the sample itself and its surroundings, e.g. the ATR cell, 
the buffer solution, etc. 
 
 
 
 
 
Figure 2.2: Broadband source interferogram 
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Thus, another single channel spectrum is needed to be recorded in order to serve as a 
reference to calculate the absolute spectrum of the sample through the following equation:     
 
 
 
 


I
I
R
SA log                                                                                                (2.3) 
 
Where Aabs is the intensity of the absolute absorption spectrum, while IS and Ir are the sample 
and reference intensities respectively. Fig. 2.4 shows the absolute spectrum of water 
calculated suing the single channel spectrum in Fig. 2.4 and the single channel spectrum of 
the ATR cell without the sample as a reference. 
 
 
 
 
 
 
 
 
Figure 2.3: Single channel spectrum of H2O after calculation by Fourier transformation of the 
recorded interferogram. 
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2.1.2 Wavelength limit and spectral resolution 
Spectral resolution is a measure of how well a spectrometer can distinguish closely spaced 
spectral features. In a 2 cm
-1
 resolution spectrum, spectral features only 2 cm
-1
 apart can be 
distinguished. In FT-IR, the maximum achievable value of OPD, determines spectral 
resolution, and therefore FT-IRs are capable of high resolution because the resolution limit is 
simply an inverse of the achievable optical path difference, OPD. For example, a 2 cm OPD 
capable instrument can reach 0.5 cm
-1
 resolution.  
 
Whereas spectral resolution is determined by the maximal OPD, the high frequency limit of 
the spectrum is determined by the density of data points used to sample the OPD. Each 
sinusoidal spectral component I in the interferogram produces an oscillatory intensity at the 
detector as the OPD is continuously changing monotonously by the mirror movement such 
that: 
 
λi = Vo/fi                                                                                                                                                    (2.4) 
 
Figure 2.4: FTIR absolute spectrum of H2O. 
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Vo = the speed of change of the optical path difference and fi is the modulation frequency of 
spectral component i at the detector. 
 
Clearly, an error in the velocity value will shift the wavelength scale according to (2.4). 
Fluctuations in the mirror velocity Vm have a different effect; they manifest themselves as 
deviations of the interferogram from a pure sine wave that in turn will be considered as a mix 
of sinusoids leading to “spectral artifacts”.  
 
To become independent of velocity fluctuations, an internal reference source is integrated into 
the interferometer. A He:Ne laser emits light with a wavelength which is known with a very 
high degree of accuracy and which does not significantly change under any circumstance. The 
HeNe laser beam follows the IR signal path through the interferometer and produces its own 
interferogram at a separate photodiode. This signal is used as an extremely accurate measure 
of the interferometer displacement (optical path difference). 
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The laser interferogram is a pure sine wave oscillating about its average “zero level”. A high 
precision electronic circuit produces a voltage pulse when the HeNe reference sinusoid 
crosses the zero level. By use of only positive zero crossings, the circuitry can develop one 
pulse per cycle of the reference interferogram, or use all zero crossings for two pulses per 
cycle of this interferogram. The latter case is often called oversampling. These pulses trigger 
the A/D converter which immediately samples the IR interferogram. 
 
There is a fundamental rule called the Nyquist Theorem which can be paraphrased to state 
that a sinusoid can be restored exactly from its discrete representation, i.e. the sampled IR 
interferogram, if it has been sampled at a spatial frequency at least twice as high as its true 
frequency. Applying this rule to the above formula shows that the minimum value of (fr/fi) 
must be 2, so the minimum value of λi is twice the wavelength of the reference laser: 
 
λmin = 633 nm*2 = 1.266 µm 
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With oversampling, the reference laser wavelength is effectively halved. So in this case: 
 
λmin = (633 nm/2)*2 = 633 nm 
 
In practice, the FFT math runs into difficulties close to the theoretical limit. That is why we 
say 1.4 µm is the limiting wavelength without oversampling, and 700 nm is the limiting 
wavelength with oversampling. 
 
2.1.3 Attenuated total reflectance (ATR) as a sampling method 
All spectra recorded for this work were measured by this method which prevents strong 
extinction of the IR intensity occurring upon transmission through aqueous samples. An 
attenuated total reflection accessory operates by measuring the changes that occur in a totally 
internally reflected infrared beam when the beam comes into contact with a sample (indicated 
in Figure 2.5). An infrared beam is directed onto an optically dense crystal with a high 
refractive index at a certain angle. This internal reflectance creates an evanescent wave that 
extends beyond the surface of the crystal into the sample held in contact with the crystal. This 
evanescent wave protrudes only a few microns (0.5 μ - 5 μ) beyond the crystal surface and 
into the sample with an exponential decay profile perpendicular to the crystal surface. 
Consequently, there must be good contact between the sample and the crystal surface. 
 
 
 
 
 
 
 
 
 
 
 
 
In regions of the infrared spectrum where the sample absorbs energy, the evanescent wave 
will be attenuated. The attenuated energy from each evanescent wave is passed back to the IR 
beam, which then exits the opposite end of the crystal and is passed to the detector in the IR 
spectrometer. 
Figure 2.5: A multiple reflection ATR system. 
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The evanescent field intensity is given by: 
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Where (z) is the film thickness, (d) is the penetration depth of the evanescent wave, n1 and n2 
are the refractive indices of the ATR crystal and the film respectively, and φ is critical angle 
for total given by: 
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Using eq. 2.7 for a ATR diamond crystal, then the penetration depth of the evanescent wave is 
0.15 for water and 0.12 for air, and for a wavelength of 7.5 µm, i.e. in the region of 
phosphate stretching absorption of DNA, this corresponds to ~1µm penetration depth. 
 
The above relation (eq.2.6) implies that a thin film of ≤ 1µm will reduce its IR absorption 
when it swells upon water uptake of water. This is indeed observed for hydration perturbed 
DNA films and requires difference spectra correction on one hand (see section 3.4.1 in 
chapter three) and will be used to calculate the accompanying volume changes on the other 
hand. The above relation (eq.2.6) links the absorption A and the film thickness z: 
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
                                                                                            (2.9) 
 
Where a=z/dI, and dI=d/2, and k is constant accounting for the number of absorptions and 
their molar extinction coefficient. 
 
This leads to a linear relation between the relative thickness change and relative absorption 
loss for films in the order of 0.5-2dI studied here. This the basic for the molar expansion 
coefficients per molecule of H2O uptake reported in this study. 
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For the technique to be successful, the following two requirements must be met: 
 
• The sample must be in direct contact with the ATR crystal, because the evanescent wave 
extends beyond the crystal only for 0.5 μ - 5 μ. 
 
• The refractive index of the crystal must be significantly greater than that of the sample or 
else internal reflectance will not occur – the light will be transmitted rather than internally 
reflected in the crystal. Typically, ATR crystals have refractive index values between 2.38 
and 4.01 at 2000 cm-1. It is safe to assume that the majority of solids and liquids have much 
lower refractive indices. 
 
2.2 Circular dichroism (CD) spectroscopy 
Sensitivity and ease of CD measurements, the non-destructive nature of such measurements, 
the ability to study samples in solution, and the requirement for relatively small amount of 
material are the basis behind the reliance on CD spectroscopy to study DNA conformations. 
Moreover, the ability to run titrational measurements is a very big advantage to study drug-
DNA binding, where denaturation, unstacking, conformational changes and dehydration of 
DNA can be observed upon binding to different substances (protein, metals, drugs …etc) 
(Gray, Ratliff et al. 1992). 
Circular dichroism (CD) spectroscopy measures differences in the absorption of left-handed 
polarized light versus right-handed polarized light which arise due to structural asymmetry. 
The absence of regular structure results in zero CD intensity, while an ordered structure 
results in a spectrum which can contain both positive and negative signals (Berova 2000).  
2.2.1 Principles of CD spectroscopy   
Since circularly polarized light itself is "chiral", it interacts differently with chiral molecules. 
That is, the two types of circularly polarized light are absorbed to different extents. In a CD 
experiment, equal amounts of left and right circularly polarized light of a selected wavelength 
are alternately radiated into a (chiral) sample. One of the two polarizations is absorbed more 
than the other one, and this wavelength-dependent difference of absorption is measured, 
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yielding the CD spectrum of the sample. Due to the interaction with the molecule, the electric 
field vector of the light traces out an elliptical path after passing through the sample. 
By definition, 
                                                                                                           (2.10) 
Where ΔA is the difference between absorbance of left circularly polarized (LCP) and right 
circularly polarized (RCP) light (this is what is usually measured). ΔA is a function of 
wavelength, so for a measurement to be meaningful the wavelength it was performed at must 
be known. 
Equation 2.10 can also be expressed in terms of molar extinction coefficients by applying 
Beer's law, as: 
                                                                                        (2.11) 
Where: 
εL and εR are the molar extinction coefficients for LCP and RCP light, C is the molar 
concentration and l is the path length in centimeters (cm). 
then: 
                                                                                                 (2.12) 
is the molar circular dichroism. This intrinsic property is what is usually meant by the circular 
dichroism of the substance. Since Δε is a function of wavelength, a molar circular dichroism 
value (Δε) must specify the wavelength at which it is valid. 
In many practical applications of circular dichroism (CD), as discussed below, the measured 
CD is not simply an intrinsic property of the molecule, but rather depends on the molecular 
conformation. In such a case the CD may also be a function of temperature, concentration, 
and the chemical environment, including solvents. In this case the reported CD value must 
also specify these other relevant factors in order to be meaningful. 
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Although ΔA is usually measured, for historical reasons most measurements are reported in 
degrees of ellipticity. Molar circular dichroism and molar ellipticity, [θ], are readily 
interconverted by the equation: 
                                                                                                (2.13) 
This relationship is derived by defining the ellipticity of the polarization as: 
                                  
EE
EE
LR
LR


tan                                                                                                                 (2.14) 
 
Where ER and EL are the magnitudes of the electric field vectors of the right-circularly and 
left-circularly polarized light, respectively. 
When ER equals EL (when there is no difference in the absorbance of right- and left-circular 
polarized light), θ is 0° and the light is linearly polarized. When either ER or EL is equal to 
zero (when there is complete absorbance of the circular polarized light in one direction), θ is 
45° and the light is circularly polarized. 
Generally, the circular dichroism effect is small, so tanθ is small and can be approximated as 
θ in radians. Since the intensity or irradiance, I, of light is proportional to the square of the 
electric-field vector, the ellipticity becomes: 
            
                                                                       (2.15)   
 
Then by substituting for I using Beer's law in natural logarithm form: 
                                                                                              (2.16) 
 
The ellipticity can now be written as: 
 
                           (2.17) 
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Since ΔA << 1, this expression can be approximated by expanding the exponentials in a 
Taylor series to first-order and then discarding terms of ΔA in comparison with unity and 
converting from radians to degrees: 
 
                                                          (2.18) 
 
The linear dependence of solute concentration and path length is removed by defining molar 
ellipticity as, 
 
                                                                                                    (2.19) 
 
Then combining the last two expression with Beer's law, molar ellipticity becomes: 
       
                                            (2.20) 
 
 
 
2.3 Time-resolved laser-induced fluorescence Spectroscopy (TRLFS) 
 
A laser-induced luminescence technique is used for probing the structure and equilibria of 
europium binding to DNA. The method involves the excitation of the 
7
F0
5
D0 transition 
between nondegenerate levels in the europium(III) ion by means of an intense pulsed 
Nd:YAG laser source. Excitation profiles obtained by scanning the laser through the 
transition region reveal distinct peaks characteristic of individual europium(III) ion 
environments (Horrocks and Sudnick 1979). 
 
Many lanthanides luminesce und the emitted light features sharp characteristic bands for f-f 
electron transitions. Because of the fact that these transitions are forbidden, the intensity of 
this emission is rather weak.  
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In case of Eu
+3
, the spectrum shows five bands, where shape and position of those bands at 
585-600 nm are depending on the environment of the metal which makes it very suitable to 
study the water structure surrounding it.  For Eu(III) and Tb(III), a linear correlation has been 
found between the reciprocal of the excited-state lifetime (i.e. the decay constant kobs) and the 
number of water molecules in the first coordination sphere nH2O of their complexes (P. P. 
Barthelemy 1989). The empirical equation for calculating the nH2O is: 
 
0.62
τ
1
07.10.5nH2O                    (2.21) 
 
Where τ is the life time in ms.  
 
Thus, by TRLFS measurements we can calculate the number of water molecules in the first 
hydration shell of Eu
+3
, and by doing so upon titration with DNA, the number of water 
molecules that will be replaced by Eu
+3
 from the water hydration shell of the DNA at a given 
[DNA/Eu
+3
] can be estimated. 
 
2.3.1 TRLFS Method 
The time-resolved laser-induced fluorescence spectra were recorded at 25 °C using a pulsed 
flash lamp pumped Nd:YAG-OPO laser system (Powerlite Precision II 9020 laser equipped 
with a Green PANTHER EX OPO from Continuum, Santa Clara, CA, USA). The optical 
parametrical oscillator (OPO) used to tune the wavelength of the emitted laser beam was 
pumped by the second harmonic oscillation of the Nd:YAG laser (532 nm). The doubled 
signal output wavelength can be varied between 330 and 500 nm. The laser pulse energy, 
which was between 1 and 2 mJ, was monitored using a photodiode. The fluorescence 
emission spectra were detected using an optical multi-channel analyzer-system, consisting of 
an Oriel MS 257 monochromator and spectrograph with a 300 (time-resolved spectra) or 1200 
line mm
-1
 (static spectra) grating and an Andor iStar ICCD camera (Lot-Oriel Group, 
Darmstadt, Germany). The europium(III) emission spectra were recorded in the 500-700 nm 
(300 line mm
-1
 grating) and 570-650 nm (1200 line mm
-1
 grating) ranges. A constant time 
window of 1 ms was applied, and an excitation wavelength of 395 nm was used. For time-
dependent emission decay measurements, the delay time between laser pulse and camera 
grating was scanned with time intervals between 15 and 25 µs. 
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The single spectra were normalized to the same peak area of the 
5
D0-
7
F1 transition. Time-
resolved spectra were analyzed with OriginPro 7.5 to obtain the lifetime of luminescent 
species. The lifetimes were calculated by fitting the integrated fluorescence signal to a sum of 
exponential decay functions: 
 
)/1exp(E)t(E i
i
i                     (2.22)
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Chapter Three 
(Experimental protocols and data processing) 
In this chapter, a detailed description of the samples and material used in this work will be 
explained and how they are prepared for measurements. The implementation of the FTIR 
hydration-perturbation method is also explained here in details and how this method and the 
data acquisition were controlled by programmed macro using OPUS 5.5 software. Also, the 
data processing of the difference spectra resulted from the FTIR hydration-perturbation 
method is explained here and also how the data will be presented in the next chapter (results). 
      
3.1 Materials and Sample preparation 
Sodium salt salmon testes DNA was purchased from CALBIOCHEM as a powder with 
molecular weight of (1.3*10
6
 g/mol) and 2000 bp. 27.6 mg from this powder was dissolved in 
7 ml distilled water giving a stock solution of 12 mM Phosphate. 1 ml of this stock solution 
was dialyzed against distilled water over night resulting in a Na:P ratio of 1.4 determined by 
inductively coupled plasma mass spectrometry using an ICP-MS-ELAN 9000 (perin Elmer 
SCIEX, Rodgau-Jügesheim, Germany). In order to measure the concentration after the 
dialysis, 20 µl of the dialyzed sample was diluted 128 times in distilled water and the final 
concentration was verified by UV-Vis spectroscopy by using a Lambda 35 UV/Vis 
spectrometer (PerkinElmer). The absorption peak at 260 nm was typically 0.5-0.6 AU, which 
corresponds to a concentration of 9-10 mM. 
 
For the experiments on metal cations binding to DNA, anhydrous europium (III) chloride 
(258.32 g/mol, ALDRICH) was used and a stock solution of 3.7 mM EuCl3 in H2O was 
prepared. From that, DNA(P)/Eu
3
=10 solution was adjusted. Analogously, cobalt (III) 
hexamine chloride (267.48 g/mol, SIGMA) was used, DNA-cobalt ratio of DNA(P)/cob= 4 
was adjusted. 
 
HPLC-purified, trifluroacetate-free solution bovine indolicidin ILPWKWPWWPWRR 
(Thermo-Scientific, Ulm, Germany) was used in a concentration of 2 mM and from that a 
ratio of DNA(P):indolicidin ratio of 1:10 was achieved. Netropsin dihydrochloride (503.39 
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g/mol, Sigma-Aldrich) was used to be studied as a DNA binder and a ratio of 
DNA(P)/Netropsin=56 was set accordingly.   
 
3.2 DNA Film preparation and FTIR 
4 µl of sodium salt salmon testes DNA stock solution were dried on the surface of a diamond 
ATR cell from SENSIR TECHNOLOGIES (Figure 1), and after 2-3 hours, an FTIR spectrum 
was recorded using an FTIR spectrometer IFS 66v/S (Bruker) with 256 scans and 2 cm
-1
 
resolution. The absolute spectrum of the DNA in the dry state was calculated by taking the 
negative logarithm of the single channel spectrum of the dry DNA divided by the single 
channel spectrum of an empty cell reference spectrum. 
 
In order to apply different hydration levels for the DNA film, four different saturated salt 
solutions were used to provide the required humidity: NaNO2 (65%RH), NaCl (75%RH), KCl 
(85%RH) and KNO3 (92%RH). The DNA film was hydrated over night to reach a stable level 
of hydration. This was done by using a home-built Teflon unit that contains the saturated slat 
solution. The unit covers the DNA film tightly and positions a semi-permeable membrane 
above the dry film separating it from the saturated salt solution by a ~ 1mm wide gap of 
humidity controlled air, (Fig. 3.1).   
 
The absolute spectrum of the DNA in the hydrated state was measured and the same DNA 
film was used for each of the different basal hydration levels, to ensure identical physical 
properties (film thickness, film distribution on the diamond cell, etc) throughout a series of 
different experiments. 
 
3.3 Hydration-perturbation method 
The humidity of the DNA film was perturbed from its initial level by addition of very small 
amount of water molecules to the film. This was done by sending an electric current pulse 
(0.3 mA) for a short time (4 seconds) through a metal wire within the hydration solution 
reservoir. Thereby, the equilibrium with the gas phase below the dialysis membrane is 
perturbed such that water is transferred from the reservoir to the gas phase, from which it gets 
absorbed by the DNA film. Typically, H2O uptake is complete within the time of the applied 
current such that during the measurement, only the loss of water upon reequilibration with the 
gas phase is observed. This transient is the basis for all following spectral evaluations.  
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The Teflon unit designed for this purpose contains 1 ml of saturated salt solution separated 
from the ATR diamond cell (on which the DNA film is dried) by a semi-permeable 
membrane ~ 1 mm above the sample. Fig (3.1) shows the experimental setup in more detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.1 Time-resolved spectra acquisition & experiment control 
The electrically induced increase of DNA hydration reverted back to the initial state within 
less than one minute. The accompanying absorption was monitored by time resolved 
difference FTIR spectroscopy (rapid scan mode) with a low number of scans in order to 
enhance time resolution. The S/N problem caused by low number of scans is solved by 
averaging, i.e. using many hydration pulses, as the sample recovers very well and in relatively 
short time after each pulse. Ten difference spectra were measured after each pulse to monitor 
sample relaxation. Fig.(3.2) explains the time sequence of spectra acquisition and a flowchart 
that describes the structure of a program macro written using OPUS software that controls the 
Figure 3.1: Schematic diagram of the time-resolved FTIR hydration perturbation setup.  
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whole experiment automatically including the time resolution of the recorded spectra, spectra 
calculations, & instruments synchronization. 
 
As shown in Fig. (3.2 A), two time resolution regimes have been implemented to monitor the 
IR absorption changes at the DNA film as it loses the extra water molecules gained during the 
previous hydration perturbation. The time resolution of the recorded spectra is controlled and 
changed by changing the number of scans for each spectrum. After each current pulse, 10 
single channel spectra were recorded by the FTIR spectrometer and they were divided into 
two groups of 5 spectra. The first group was measured with a time resolution of 3.185 seconds 
using 4 scans to record each spectrum. By doubling the number of scans to 8, the second 5 
spectra were measured with a higher S/N but a lower time resolution of 6.37 seconds. The 
timing of each spectrum for one hydration pulse is illustrated in Fig. (3.2 A). 
 
The lower time resolution for the last 5 spectra accounts for the slower process at late times 
when the sample relaxation causes only small absorption changes. 
 
After each pulse 10 difference spectra (DS) were calculated using the 10 single channel 
spectra (S) recorded after the hydration pulse and one common reference single channel 
spectrum (RS) recorded right before the pulse, as follows: 
 
DS=-log(S/RS)                                                                                                  (3.1) 
 
This results in FTIR-difference spectra which reflect hydration-sensitive changes only. 
 
The measurement scheme implements an averaging method in order to increase the S/N as 
mentioned previously, i.e. repeating the experiment described by figure 2A many times and 
then coherently averaging the different 10 difference spectra resulting from each hydration 
pulse. The flowchart in figure 2B shows the structure of the measurement macro and how 
does it record the spectra, calculate the difference spectra, and averaging. 
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Figure 3.2: Data acquisition and control program. (A) schematic diagram showing timing of spectra acquisition for 
one pulse, where RS: reference spectrum & DS: Difference spectrum. (B) Flowchart showing the structure for a macro 
written in OPUS 4.5 that controls data acquisition, experiment synchronization, and spectra calculations.   
Count=Count+1 
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To ensure that the DNA can fully relax after a hydration pulse, the macro sets a waiting cycle 
of 2.5 minutes between the pulses, (Fig. 3.2 B). Averaging 10 times resulted in a sufficient 
S/N for all spectral evaluations. Inspection of the 10 difference spectra from successive 
heating pulses reveals that the experiment is highly reproducible (Fig. 3.3) and that the DNA 
relaxes perfectly to its initial hydration level before the next heating pulse starts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Four difference spectra showing the reproducibility of the experiment 
and the ability of using many heating pulses for averaging purposes. Each spectrum in 
this figure is the first difference spectrum (recorded within 3.185 seconds after the 
hydration pulse) resulting from an individual pulse. All these spectra have the same base 
line level, but they are shown here with an offset for clarity. 
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3.4 Data presentation 
This section illustrates the way in which the time-resolved FTIR results will be presented 
throughout the thesis. It explains how the spectra were recorded, calculated, corrected, and 
how the spectra will be analyzed using different ways of presentation. 
 
Special emphasis lies on the analysis and visual presentation of the complex kinetic relation 
between absorption bands from different chemical groups and their dependence on inorganic 
and organic ligands. The central goal of the data analysis and presentation is the identification 
of highly correlated absorption changes evoked by a very small hydration perturbation. Such 
absorption changes originates in coupled structural transitions, whereas less correlated bands 
have to be assigned to different regions within the DNA or DNA-ligand complexes, which 
respond with different kinetics to the same perturbation.  
 
For example, water in the first hydration shell of the phosphate backbone is expected to affect 
phosphate stretching absorption more directly than water in the bulk phase or within the major 
groove contacting the accessible C=O and NH groups of the bases. 
 
Furthermore, the analysis aims at identifying distinct water populations in the DNA hydration 
shell and to elucidate their role in conformational control of DNA and in DNA ligand 
interaction. 
 
One set of spectra originating from one specific experiment will be used in this section to 
exemplify the data presentation. The sample is a hydrated salmon testes DNA film 
equilibrated over night with a saturated KCl solution through the gas phase at room 
temperature to adjust a relative humidity (RH) of 85%. In this case it corresponds to 14.235 
H2O molecules per DNA’s phosphate as determined from the OH stretching and POas 
absorption bands (Michael Falk 1962). The electrical hydration perturbation pulse was 0.3 
Amperes for 4 seconds and the number of averaged experiments was 10. 
 
This section does not give any spectral interpretation, but it describes the data processing that 
is required to compare experiments under different conditions.   
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3.4.1 Spectra correction 
In the hydration perturbation experiment, a very small amount of water molecules is added 
temporarily to the DNA’s hydrations shells. Depending on the initial DNA film’s level of 
hydration, the added number of H2O molecules corresponds to only 0.5-0.7 percent of the 
number of H2O molecules that the DNA film already contains before the hydration 
perturbation. 
 
Such a small perturbation will give rise to very small spectral changes, i.e. the IR amplitude 
changes are not discernible by comparing absolute spectra before and after the perturbation. 
Therefore, difference spectroscopy has been applied, where the spectrum before the 
perturbation (reference spectrum) is subtracted from the one after.  
 
In this way, the small amplitude changes due to the small hydration perturbation are resolved 
in the 1/1000-1/10000 absorption range with high reproducibility. This approach is based on 
the high S/N ratio achievable with the advantage of Fourier spectroscopy, i.e. the high energy 
throughput, internal calibration, and multiplexing. 
 
Fig. 3.4 shows the time resolved difference spectra of hydrated salmon testes DNA film after 
a hydration perturbation pulse of 0.3 Amps for 4 seconds. A close examination of the spectra 
will reveal that the spectra are dominated by negative peaks especially in the region of the 
DNA backbone phosphate (1300-1000) cm
-1
 along with different baseline offsets of the ten 
difference spectra.  
 
Negative peaks mean that the absorption intensity after the perturbation is lower than that 
before. In this case, this behavior is due to scaling effects, where the addition of water 
produces a drop in the DNA concentration within the evanescent field of the ATR crystal. 
Thus, a reference spectrum that has less water is subtracted from a sample that has more water 
but correspondingly a lower DNA concentration in the active volume, resulting in unequal 
apparent amounts of DNA in sample reference. 
 
The dilution effect is better understood by considering that the absorption intensity is a 
function of how much DNA material we are measuring. Off course the amount of DNA 
material itself before and after the perturbation is not changed, but the DNA film actually is 
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composed of two parts, the DNA material and the water surrounding it and binding to it, and 
by introducing the extra water, we are actually decreasing the relative volume of the DNA 
material in reference to the total volume of the film, leading to a decrease in the intensity of 
the DNA bands in the sample relative to the subtracted reference, see figure 3.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Time resolved difference Spectra of DNA film using hydration 
perturbation experiment. These spectra are not corrected for dilution and salmon testes 
DNA was used under relative humidity of 85% over night. Notice the many negative 
peaks caused by dilution effects as a result of adding water molecules to the film by 
heating up the hydration solution using an electrical current pulse. 
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Since the experiments were done in ATR-geometry, the Lambert-Beer law does not apply and 
the “dilution” of the expanded DNA film is not off set by an equivalent increased optical path 
length as would be the case in transmission mode of measurement. Thus, the dominant 
negative bands at 1061, 1102 and 1242 cm
-1
 reveal the larger DNA contribution to the total 
absorption in the reference as compared to the sample after the perturbation, where the 
average distance of the film from the ATR crystal has increased. 
 
This behavior is a characteristic of the ATR technique. Since the IR measuring beam does not 
pass through the entire sample as in transmission spectroscopy, the volume increase moves 
part of the sample out of the evanescent field, whereas this effect would be fully compensated 
by an accordingly longer optical path in transmission geometry. The IR interaction volume is 
fixed in ATR by incidence angle and the refractive index ratio of the ATR crystal and the 
sample. Importantly, the corresponding volume changes are thus reflected as concentration 
changes of the sample’s constituents. Therefore, ATR spectra provide in addition to spectral 
changes also information on relative changes of molar volumes. The data evaluation aims at 
determining and eventually relating both the influence of hydration on DNA conformation 
and water structure reflected by the volume change per added water molecule.  
 
 
DNA H2O 
DNA H2O 
Total volume of the DNA film 
    Hydration  Perturbation 
Figure 3.5: A diagram showing the effect of the dilution effect on the DNA’s volume relative to 
the total film’s volume. 
Reference 
Sample 
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In order to get the spectral information generated by the DNA itself which is embedded under 
the negative peaks, the difference spectra must be corrected for the volume effects. This is 
done by adding back part of the DNA absolute spectrum before the hydration perturbation, 
i.e. the reference spectrum, to the difference spectra. 
 
The main correction criterion is based on the fact that a difference spectrum is composed of a 
series of negative and positive bands generated by water-induced frequency shifts of group 
vibrations that couple to the external H-bond network around DNA, whereas intensity 
changes are small. In difference spectroscopy, such band shifts therefore generate as much 
positive as negative changes, such that the integral intensity change of the DNA bands is zero.  
 
The DNA spectral region (910-1360) cm
-1
 is perfect for this integration as it does not contain 
any water band. The weight with which a difference spectrum needs to be corrected was, 
therefore, determined by zeroing integral absorption changes in this range and then applying 
the same correction to the entire spectrum. In addition, isobestic points at wavelengths 1360 
and 850 cm
-1
 were identified, where negligible intensity changes occur in agreement with 
difference spectra recorded in transmission mode (Winger, Liedl et al. 1999).  
 
In order to have an equal baseline for all difference spectra, an absolute spectrum of H2O was 
subtracted from the ten difference spectra in the 1360-800 cm
-1 
range to compensate for the 
strong increase of background absorption by low frequency vibrations associated with the 
water H-bond network. Likewise, the H2O scissoring absorption increase was subtracted in 
the 1800-1580 cm
-1
 range to visualize the underlying absorption changes of the bases in a 
manner that complies with our two correction conditions mentioned above.  
 
Fig. 3.6 shows the difference spectra of Fig. 3.4 after correction for dilution as explained 
above. These corrections allow analyzing the DNA spectral region from 1800-800 cm
-1
.  
 
Since the subtraction of the H2O scissoring absorption increase has to be done with a 
spectrum of water in the absence of DNA, a residual broad and featureless difference band 
prevails, which reflects the different H2O scissoring frequencies of DNA-bound and liquid 
water. Without this subtraction, however, the narrower features of the absorption changes of 
the DNA bases would not be discernable, as will be seen later in the presence of DNA-bound 
ligands.  
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Another region of interest for our study is the OH stretch region 3800-2700 cm
-1
 monitoring 
the H2O H-bond population. This region witnesses larger intensity difference bands due to the 
addition of H2O molecules by the hydration perturbation compared to the bands in the DNA 
spectral region.  
 
The same fractional addition of the absolute reference spectrum used to correct for the 
difference spectra in the 1800-800 cm
-1
 was used for the OH stretch region. Whereas this 
procedure corrects for the reduced amount of DNA, the partial reduction of the reference 
spectrum necessarily also adds water absorption in addition to that caused by the actual water 
uptake. Therefore, the final step of spectral corrections consists of a reduction of the water 
band to its original integral size by again subtracting a spectrum of liquid water.   
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Fig. 3.7 shows OH stretch region for the time resolved difference spectra, both before and 
after dilution correction, for the same DNA film used for Fig. 3.4 and Fig. 3.6 and under the 
same conditions using the hydration perturbation experiment. It can be seen that the 
difference spectra do not experience large changes after the correction. The deviations are of 
the same size and origin as those in the corrected 1800-800 cm
-1
 range, but for the OH 
stretching region the original integral absorption increase by water uptake has not been 
affected to allow the quantitation of water uptake and release kinetics.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Since we are dealing with almost 8000 data points for each spectrum, the correction method 
has been carried out through a script written in Origin that can handle all the calculations, 
storing, and presentation of the spectra automatically, where for each set of 10 difference 
spectra acquired by the hydration perturbation experiment, the correction script will result in 
10 corresponding dilution corrected spectra, and 10 numbers representing the different 
optimum fractional values of the DNA absolute spectrum that has been added to each 
difference spectrum in order correct for the volume increase of the DNA. 
Figure 3.7: OH stretch region for the time resolved difference Spectra of salmon testes DNA film 
under 85% RH using hydration perturbation experiment.  The time resolution is the same one used 
as in figure (2) and (4), where the first spectrum is the one with the highst amplitude and the last one is 
the one with lowest amplitude. 
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These fractional values correspond to the swelling behavior of the DNA film. The larger the 
“dilution” effect in a spectrum, the larger is the fraction of the DNA absolute reference 
spectrum needed to be readded in order to correct for the volume increase of the DNA. 
 
3.4.2 Hydration-induced volume changes and DNA film expansion 
coefficient 
The described correction criterion is directly related to the volume changes of the DNA film 
upon in response to water content. Actually, fraction of the reference spectrum added to the 
difference spectra is identical with the relative increase in the DNA film’s volume as a result 
of the water uptake because this value normalizes the DNA concentration at any time of the 
perturbation to that before the hydration change. We will refer to this value from now on as 
the volume expansion coefficient (η). 
 
The information behind the volume expansion coefficient is better understood when related to 
the water uptake per DNA’s phosphate. According to Falk et al. (Michael Falk 1962) , the 
number of H2O molecules per DNA’s phosphate (Γ) can be calculated from the ratio (R) of 
the measured absorbance in the OH stretching band region at ~3400 cm
-1
 to that of the 
antisymmetric stretching vibration of the PO2
-
 group at ~1220 cm
-1
 and as follows: 
 
Γ = 4.52 (R-0.86)                                                                                                                  (3.2) 
 
Eq. 4.2 applies for transmission FTIR spectroscopy, while ATR technique is used in the 
hydration perturbation experiment, the intensity ratio (R) should be corrected by multiplying 
it with the ratio of the selected intensity wavelengths, i.e. (3400 cm
-1
) /(1220 cm
-1
), resulting 
in: 
 
Γ = 4.52 (2.786*R-0.86) =12.6 (R-0.31)                                                                              (3.3)     
 
Table 4.1 exemplifies the relation between Γ and η for the hydrated absolute spectrum (the 
initial water content before the hydration perturbation) and for each measured time resolved 
difference spectrum (after the hydration perturbation). 
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By examining Table 4.1, it is clear that the hydration perturbation yields a small increase in 
the number of water molecules per phosphate (~ one H2O molecule is added). This increase is 
transient and accompanied by film expansion, upon loss of water the film shrinks and reverts 
to its volume and hydration level before the perturbation. Importantly, volume expansion 
coefficients are in direct proportion with the water content per DNA phosphate as shown in 
Fig. 3.8.  
 
 
Spectra Time (s) H2O content per 
phosphate, Γ 
Volume expansion  
coefficient, η 
BEFORE THE HYDRATION PERTURBATION 
Reference 0 14.23172 0 
AFTER THE HYDRATON PERTURBATION 
DS1 3.815 15.15223 0.01112 
DS2 6.37 14.98251 0.00935 
DS3 9.55 14.80063 0.00723 
DS4 12.74 14.67539 0.00559 
DS5 15.92 14.57331 0.0045 
DS6 22.29 14.48601 0.00315 
DS7 28.66 14.40265 0.00212 
DS8 35.03 14.35682 0.00142 
DS9 41.4 14.32015 9.86949*10
-4
 
DS10 47.77 14.30638 7.18751*10
-4
 
Table 4.1:H2O content per DNA’s phosphate (Γ) and the corresponding volume expansion 
coefficient (η). calculated for the difference spectra of Figs 3.6 and 3.7. 
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The linear relation between η and Γ evidences the extra water uptake and DNA film 
expansion happen simultaneously within the time-resolution of the experiment. The value of 
the slope in figure (6) has the important physical meaning as the rate of the volume change 
per added H2O molecule. This value will be called relative molar volume expansion 
coefficient (α). It is directly related to the water packing structure around the DNA as the 
molar volume of bulk water (18 cm
3 
mol
-1
) is different from that of DNA-bound water (15 
cm
3
 mol
-1
) (Marky and Kupke 2000). 
 
Fig. 3.9 shows the solution of equation 2.7 for a constant total amount of absorbing material 
occupying varying thicknesses on the ATR crystal. The calculation reveals that for film 
thicknesses < 2 dp (which is the case in all experiments performed here) the absorption losses 
per water molecule taken up per phosphate are indeed a relative measure of the film 
expansion (the latter, however is always larger than the ensuing absorption change). 
Therefore, the spectral correction described in section 3.4.1 identifies not only the hydration-
induced frequency shifts but gives additional information on the incremental changes of the 
relative packing volume of water at different hydration levels, i.e. the packing properties of 
the outermost layer of the hydration shell which is modulated by the hydration pulse. The 
inset in  
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Fig. 3.9 shows that only for infinitely thin films the measured percent absorption loss is 
identical with the percent volume change, whereas the film expansion is actually larger than 
the observed relative absorption loss for finite thicknesses. Finally, at film thickness > 2dp the 
linear relation is not valid any more. All experiments in this work are consistent with the 
linear approximation, leading to an accurate representation of relative expansion coefficients 
derived from the DNA absorption losses upon water uptake. The validity of thicknesses < 2dp 
follows from the fact that the POas absorption at 1220-1260 cm
-1
  (taken as reference point for 
DNA concentration in different experiments) was always in the 0.4-0.5 range. Since an 
increase in the DNA material was found to generate absorbance of 1.5 at this position, it is 
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Figure 3.9: Relation between thickness change of a DNA film and the corresponding change 
of IR absorption in the evanescent field on an ATR element. The equation 2.7 for the 
thickness-dependent absorption of an absorbing film on an ATR crystal was solved for a constant 
total amount of material in a layer of varying thickness in the evanescent (given as multiples of 
the penetration depth dp of the evanescent field). The curves show, as a function of the initial 
film thickness (abscissa), the percent thickness change (caused by water uptake and leading to 
swelling of the film and thus to the dilution of the absorbing material) that corresponds to the 
absorption losses of the DNA sample of 0.4, 0.6, 1.2 and 1.6% per one water absorbed per 
phosphate as seen experimentally at 65%,75%,85%,and 92% r.h., respectively. The circles show 
the resulting extrapolated increases of the thickness of a film starting initially at 2dp, when the 
sample takes up the measured number of water molecules (Γ) at the different humidities. The 
inset represents the same data as percent thickness change (ordinate) for the percent absorption 
loss (abscissa) at the indicated initial film thicknesses and at each of the experimentally adjusted 
r.h.. Clearly, the measured absorption losses are a linear response to the volume change caused 
by water-mediated swelling. For thicknesses larger than 2 dp, increasingly larger thickness 
changes are required to evoke absorption changes and linearity is lost. 
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easy to show from integration of eq (2.7) that an absorbance of 0.4-0.5 can only be achieved 
with film thickness below 2.5 dp. 
 
3.5 DNA IR bands 
This section describes IR bands that are of interest for this study and how the hydration 
perturbation affects these bands. The recorded spectra cover the spectral region from 4000 
cm
-1
 to 800 cm
-1
 which is divided into two main regions: the OH stretch region 3600-3000 
cm
-1
 and the DNA bases and backbone region 1800-800 cm
-1
. Table 3.2 lists the most 
important DNA IR bands. 
 
 
 
Wavenumber 
cm
-1 
Assignment Comment 
1220 B-form Antisymmetric phosphate stretch, main B-form 
marker.
 
1085 Backbone Symmetric phosphate stretch, insensitive to B to 
A transition. 
1063 Furanose CO stretch of backbone 
968 Backbone CC stretch of the backbone 
938 B-form AT base pairs in B-form helices 
890 Deoxyribose Deoxyribose ring vibration 
830 S-type Main S-type sugar marker 
 
Five wavelengths have been chosen to cover the broad OH stretching band between 3600 and 
3000 cm
-1
 ( i.e. wavelengths are 3520, 3420, 3320, 3220 & 3120 cm
-1
). These wavelengths 
will be correlated with the DNA vibration in the 1800-800 cm
-1
 range in order identify 
Table 3.2: DNA IR bands in the region 1800-800 cm-1 with its description. Some bands are subject to 
wavelength shift upon change in physiological conditions, in our study especially upon difference in 
hydration level. 
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different water population (low and high frequency OH stretches) that putatively interacts 
with different sites at the DNA bases and backbone. 
 
3.6 Two-dimensional IR-correlation 
A key question in this study is the identification of different chemical groups that respond to 
hydration by different populations of hydration water. Ultimately, spectral data could thus be 
interpreted in structural terms such that interaction sites between “closely” and more 
“loosely” attached H2O and H-bond partners at the DNA can be distinguished. Such a 
structural assignment is expected to reveal the mechanism by which the hydration shell drives 
the functionally relevant BI ↔ BII transition in B-DNA. 
Although crystal structures of short DNA strands reveal different location of water oxygens, 
their different H-bonding properties and role for structural transitions is elusive. Here, the 
strength of the direct observation of H-bond interactions by IR in combination with the 
analysis of kinetically correlated frequency changes is exploited to reveal coupling of the 
hydration shell to DNA structures 
 
In order to analyze how IR bands which represent different DNA components react strongly 
or weakly to the added water, we need to analyze the pairwise correlation between the bands 
in the 10-time resolved difference spectra. For this purpose, two-dimensional correlation 
method was used. The method of 2D IR-correlation spectroscopy has been described in great 
detail (Banyay and Graslund 2002). In essence: the time-dependence of IR absorption band is 
correlated with that of all the other frequencies. Two data sets, each consisting of all possible 
pairwise comparisons, are generated. One is the synchronous correlation expressing a 
measure of kinetic similarity, the other one is the disrelation matrix which expresses the 
degree of dissimilarity between any two time-dependent absorption changes. 
 
Fig. 3.9 exemplifies the synchronous and disrelation 2-D plot for difference spectra obtained 
with salmon testes DNA film under 65%rh. The amplitude in the synchronous plot is a 
measure of the similarity in the time-evolution of any two absorption bands whose 
frequencies are selected from the X and Y coordinates. The plot is generated from corrected 
difference as described below. It contains the information of all the ten difference spectra 
which cover the evolution of all frequency shifts obtained from averaging spectral responses 
to successive hydration pulses. From this data set, the disrelation spectrum is calculated (see 
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below) in which the amplitude increases with increasing differences in the reaction kinetics of 
the two bands.  
 
Visualization of the data processing in 2D correlation (Fig 3.10) serves as a qualitative insight 
to check for synchronicity between different bands, in other words, to get a general picture of 
what is going on in the sample itself and how do different DNA parts react to the addition of 
water, and how this happen in a sequential way. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to see how the intensity change of a specific band correlates with that of others, we 
need a more quantitative insight to check that rather than the 2-D correlation plot. Here we 
use a 2-D cut from the 2-D correlation plot, where we correlate a single selected wavelength 
to the rest of the spectrum. 
 
Representing the time-dependent amplitudes of a given IR band as a vector ν1: 
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Figure 3.10: 2D correlation for hydration perturbation of salmon testes DNA 
film under 65%rh. Upper panel: Synchronous plot generated from coaddition of 
10 experiments showing colour-coded amplitudes. Lower panel: disrelation plot 
revealing two water populations in the 3000-4000 cm
-1
 with different decay 
kinetics. The POas amplitudes at 1245 / 1205 cm
-1
 have a cross peak on the 3230 
cm
-1
 line, whereas the high frequency υ(OH) decays synchronously with the POas 
absorptions leading to little intensity on the 3530 cm
-1
 line. 
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And the disrelation between the bands will be: 
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These relations can be better visualized as shown in Fig. 3.11 for three time points at which 
the amplitudes of absorption at frequency ω1 and ω2 are to be correlated. For this purpose ν2 is 
expressed by: 
 
dea  22                                                                                            (3.6) 
e2  is a unit vector along 1  and a expresses the common component of 1 and  2 , i.e. 
the kinetics similarity when a is chosen such that 1d  as shown in Fig. 3.11. 
 
 111 a                                                                        (3.7) 
                           
                                                                                        (3.8) 
 
Pythagoras from Fig. 3.11: 
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 ead 12
2
2                                                                      (3.9)          
                  
                                                                         (3.10)   
  
Substituting eq. (3.8) in eq. (3.10): 
      
                                                             (3.11) 
                                                                  
                                               (3.12) 
 
Using eq. (3.12), eq. (3.4) and (3.5) can be expressed as:  
                                
                                                                      (3.13)
 
and, 
                                                                      (3.14) 
 
Thus, the synchronous and disrelation spectra express the unnormalized cosine (“a”) and sine 
(“d”) components values when υ2 is projected onto e1 according to Fig 3.10. Remembering 
that spectral amplitudes are plotted along the axis A1, A2 and A3, it is evident that this 
projection of the square root deviation of the amplitudes measured at frequency ω2 from those 
measured at ω1 scaled to the size of a. This explains why d is a measure of the dissimilarity 
between the time courses observed at the two frequencies.
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Figure 3.11: vector representation of the time dependent correlation 
between two IR bands υ1 and υ2 for three time points. tan (β) is the amplitude 
in the normalized disrelation 2D map. 
 
 69 
Chapter Four 
(Results) 
 
  
In the following chapter, we will show how the hydration pulse drives the canonical BII↔BI 
structural transitions in nonoriented salmon testes DNA films. In order to understand the 
effect of the hydration perturbation on the DNA’s water structure, DNA films at different 
basal hydrations (different Г) were studied. Also, the DNA conformational and water 
structure response to hydration perturbation in the presence of certain binders (metals like 
Eu
+3
 and cobalt (III) hexamine, and antimicrobial peptide (indolicidin and netropsin) were 
also studied. Furthermore, single stranded DNA was investigated as a control measurement to 
address the role of the DNA grooves as putative hydration sites using a d(AG)6 
oligonucleotide. 
 
In contrast to previous studies, we have studied these transitions under ambient temperature 
(no glass transitions at cryogenic temperature and no temperature induced transitions), where 
the transition is only water driven.  By using FTIR difference spectroscopy with the hydration 
perturbation method, it is possible to observe only the few added water molecules due to the 
hydration pulse (incremental hydration and not total water content), and their effect on 
changing the hydration shell structure and eventually its role on evoking conformational 
transitions.  
 
In all DNA-water crystal structures, the water content is less than the smallest value of Г 
studied here with the hydration perturbation method. This led to the capability of recognizing 
different water subpopulations and their effect on driving conformational substates transitions 
which where the two main aims in this work. 
 
4.1 Hydration driven BIIBI transition 
 
An incremental growth of the DNA hydration shell was induced by a 4 seconds hydration 
pulse followed by monitoring IR frequencies of both water and DNA during re-equilibration 
with the gas phase. Fig. 4.1, shows the initial increase of the water ν(OH) and scissoring 
bands (3000-4000 and ~1635 cm
-1
, respectively) and the vibrational modes increasing 
towards 1000 cm
-1
. Due to DNA film expansion, the absorptions by the nucleobases and the 
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asymmetric PO2
-
 stretching mode (POas) decrease as indicated by asterisks. This is corrected 
as exemplified for the spectrum at time 0, where the integral ν(OH) absorption scales with the 
initial water uptake. The frequency shifts causes absorption changes of less than 1 % of the 
absolute DNA absorptions (ii). Differences between equivalent data sets are within the noise 
level set by the highest time-resolution (achieved in the first five difference spectra). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The coupling of water to DNA conformation is spectroscopically reflected by the 
synchronicity of the frequency shifts of the involved H-bond-linked donor and acceptor 
groups. Also the rate of water release after the hydration pulse is related to the strength of 
water DNA interactions: strongly bound water leaves its binding site at a low partial pressure, 
i.e. at later times. The kinetic heterogeneity of absorption changes was analysed by 2D 
correlation of pairs of absorption changes exemplified in Fig. 4.2 by the synchronous 
correlation between the water ν(OH) and the DNA absorptions (1800-800 cm
-1
). The overall 
similarity of the decay of the water and DNA difference bands leads to peak shapes that 
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Figure 4.1: Hydration pulse-induced rapid scan FTIR-difference spectra, showing 
the decay of absorption changes after a 4 second hydration pulse of a DNA film. The 
raw data reflect initial water uptake and the ensuing release to the gas phase. Inset: i) 
Spectral corrections (Materials and Methods) are exemplified for the difference spectrum 
at t=0. Frequency shifts of backbone vibrations (e.g. the POas, asterisk) are seen and the 
water OH scissoring absorption is replaced by a residual broad difference band. ii) Initial 
DNA absorption. 
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resemble those of the water ν(OH) absorption which itself generates an unstructured broad 
peak. The disrelation map (Fig. 4.2, lower panel), however, identifies kinetic deviations by 
the splitting into weakly and strongly H-bonded  water populations w1 and w2 absorbing at 
~3530 and ~3250 cm
-1
, respectively. The shift of the amplitude of the POas absorption change 
(1245/1205 cm
-1
) towards the low frequency ν(OH) region shows that the phosphate H-bond 
strength is not correlated with the strongly H-bonded w2 population.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
More spectral details are difficult to derive from the plot and the maps become complicated 
by inclusion of signs (Materials and Methods). Therefore, spectral evaluations will be based 
on cuts along the two ν(OH) frequencies (Fig.4.2), leading to disrelation spectra which 
express the kinetic deviation of an absorption transient from that of w1 and w2. 
 
4.1.1 Hydration perturbation of double stranded DNA 
 
Fig. 4.2 shows difference spectra at selected times (1
st
, 2
nd
, 5
th
 and 9
th
 out of the 10 measured 
spectra) after an increase of the water molecules per DNA phosphate from 9.33 to 9.39 
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Figure 4.2: Upper panel: Synchronous plot generated from coaddition of 10 
experiments showing colour-coded amplitudes. Lower panel: disrelation plot 
revealing two water populations in the 3000-4000 cm
-1
 with different decay 
kinetics. The POas amplitudes at 1245 / 1205 cm
-1
 have a cross peak on the 3230 
cm
-1
 line, whereas the high frequency ν(OH) decays synchronously with the POas 
absorptions leading to little intensity on the 3530 cm
-1
 line. 
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derived from the water ν(OH) peak increase by ~5 mAU. The lack of structure in the HOH 
scissoring difference band 1700/1600 cm
-1
 evidences the lack of structural changes of the 
nucleobases, whereas the POas shift (1245/1205 cm
-1
) with its relatively high intensity is 
dominating the absorption changes caused by the hydration perturbation at this low basal 
humidity and reflects increased H-bonding upon water uptake. The symmetric PO2
-
 stretching 
mode (POsy) responds weakly (1104/1085 cm
-1
) and the deoxyribose C-C stretching mode 
undergoes an up shift (968 / 976 cm
-1
) indicative of decreased H-bonding to the sugars upon 
water uptake. 
 
Fig. (4.3 (B)) shows that the w1 population is strongly correlated with the POas absorption 
(negligible disrelation amplitudes at 1245 and 1205 cm
-1
), whereas a different exchange rate 
of w2 with the gas phase leads to the disrelation amplitude at the POas frequency. The implied 
shift of the water ν(OH) in the raw data is seen as a gradual decrease of the ν(OH) peak 
frequency (Fig. 4.3 (A)) because w2 is released from the DNA slower than w1 consistent with 
the stronger H-bond to the DNA and lower ν(OH) of w2 than w1.  
 
The disrelation spectra (Fig. 4.3 (B)) clearly show that w2 does not interact with the PO2
-
 
groups which revert to their less H-bonded state while w2 is still bound (to non-phosphate 
sites). This can also be observed in Fig. 4.3 (C), where the difference band at (1245/1205cm
-1
) 
preserves its sign in Fig 4.3 (A) when it is referenced to w2 (red spectrum), which means that 
relaxation of the PO2
-
 groups happens first then followed by the evaporation of w2, which 
means in turn that w2 evaporates slower than the less bound w1, which can also be observed in 
Fig. 4.3 (A) in the late two spectra, where the OH stretch of w1 at ~ 3550 cm
-1
 decreases faster 
than that of w2 at ~ 3250 cm
-1
. The IR signatures of the disjunct water populations can be seen 
in the ν(OH) region. The bands exhibit the expected sign reversal when the “slower” w2 is 
referenced against the “faster” w1 absorption change. We assign the w1 and w2 absorptions to 
water in the DNA grooves and at the PO2
-
 groups, respectively.  
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Remarkably, water uptake at Г = 9.3 occurred with negligible film expansion (α = 0.4 %) 
(Table 4.1). This can be explained by considering the low basal humidity of the film, where 
there are still many vacant hydration sites within the DNA film including “concave surfaces” 
in the groove that still can be occupied by added water molecules without swelling of the 
DNA film.   
 
To represent purely kinetic differences, the disrelation map in Fig. 4.4 has been normalised to 
band intensities. For example, the POas absorptions in the initial 1245 cm
-1
 and in the more 
hydrated state 1205 cm
-1
 are highly synchronized as they originate in the same normal mode. 
Correspondingly, the amplitude at 1245/1205 cm
-1
 is low but not zero due to heterogeneity in 
the PO2
-
 environment. For clarity, only the hydration-induced absorptions (positive peaks) are 
Figure 4.3: Spectral changes after hydration perturbation of a 4 µl 7 mM Salmon 
testes DNA film with Г=9.33. A) Time-resolved difference spectra after the hydration 
perturbation. B) Disrelation spectra of selected wavelengths with the rest of the spectrum. 
Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH stretch 
(w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) and the 
low (red) OH stretch wavelength from the first measured water-enriched spectrum to 
check for sign inversion. 
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included for the POsy and the C-C bands as they belong to the BI state formed by water 
uptake. The plot confirms that the w2 absorption does not reach the degree of synchronicity 
with any of the DNA backbone vibrations seen with w1 but the low disrelation with the ν(C-
C) seen at the 3250/976 cm
-1
 cross peak (Fig. 4.3 (B)) suggests a w2-binding site near the 
deoxyribose. 
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At Г=12.1, the POsy and C-C absorption bands gain intensity upon water uptake (Fig. 4.5 
(A)), while the POas absorption change is only 50% of that at Г=9.33 (Table 4.1). This drop in 
the POas intensity is in line with the higher basal PO2
-
 solvation which reduces the number of 
vacant water uptake sites. This can be supported by the decrease in the POas frequency 
downshift from (1245/1205 cm
-1
) at Г=9.33 to (1246/1209cm
-1
) at Г=12.1, where this band 
shifts to the lower frequency upon increased humidity, which means although the added water 
(ΔГ) at Г=12.1 is 10 times more than that in the case at Г=9.3 (Table 4.1), the POas senses less 
Figure 4.4: Disrelation map (at Г=9.33) showing similarity (blue) and 
dissimilarity (red) of the time dependencies in pairwise comparisons of selected 
infrared bands of the DNA-backbone and of the water ν(OH). Amplitudes are 
normalised with respect to the correlated bands thus representing purely kinetic 
dissimilarities. The w1 ν(OH) and the POas absorption of the BI state (1209 cm
-1
) are 
synchronised, whereas the POsy and POas modes are not. 
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water molecules due to less vacant water uptake sites compared to the case with lower basal 
hydration as mentioned above.  
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Since the difference spectra for different values of Г have been all normalized to the same 
amount of DNA, it is possible to compare disrelation spectra at different values of Г by 
rationing the intensity of the disrelation spectrum of a certain band to the intensity of the same 
band in the difference spectrum. 
 
 
 
 
 
Figure 4.5: Spectral changes after hydration perturbation of a 4 µl 7 mM Salmon 
testes DNA film with Г=12.14. A) Time-resolved difference spectra after the hydration 
perturbation. B) Disrelation spectra of selected wavelengths with the rest of the spectrum. 
Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH stretch 
(w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) and the 
low (red) OH stretch wavelength from the first measured water-enriched spectrum to 
check for sign inversion. 
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Г α ΔPOas/ΔГ ΔPOsy/ΔГ ΔC-C/ΔГ 
9.33 0.4 % 2.28 0.81173 1.08824 
12.148 1 % 1 1 1 
14.231 1.2 % 0.66 0.99529 0.84269 
18.288 1.6 % 0.49 1.16877 0.62895 
 
 
Fig. 4.5 (B) shows that in contrast to the case at Г=9.3, the distinction between the two water 
populations starts fading at Г=12.1, where w1 & w2 are both highly synchronized with the rest 
of the DNA bands observed from the low value of the disrelation spectrum intensities rationed 
to their corresponding intensities in the difference spectrum. Interestingly, Fig. 4.5 (C) shows 
that at Г=12.1 there are sign inversions of w1 & w2 with respect to all other DNA bands which 
is totally opposite to the case at Г=9.3 (Fig. 4.3 (C)). This means that at this basal humidity 
and although the system is highly synchronous and water evaporation/backbone relaxation 
happen almost in the same time, the DNA backbone absorption changes begin to lag behind 
the water exchange kinetics, whereas they preceded water evaporation at Г=9.3. 
 
Fig. 4.6 shows and evidences the increased synchronicity for all difference bands in response 
to the added water via the hydration pulse upon increasing the DNA’s film’s basal humidity 
from Г=9.33 to Г=12.14, leading to the negligible disrelation amplitudes for the BIIBI 
transition. These homogenous kinetics  are contrasted by the increased ν(OH) absorption band 
width of ~420 cm
-1
, showing an even larger heterogeneity of water H-bonds than at Г=9.33 
(~390 cm
-1
 FWHM), as seen in Fig. 4.3 (A) and Fig. 4.5 (A).     
 
 
Table 4.1: relative molar volume expansion coefficient (α) and normalized absorption change per 
ΔГ of POas, POsy and C-C bands for salmon testes DNA film at four different basal hydrations 
(Г). The normalized absorption intensities were calculated by dividing the integral of the individual 
difference bands by the integral of the OH stretch difference band ~ 3600-3100 cm
-1
. For clarity and 
easier comparison between absorption changes at different values of Г, all absorption changes in this 
table have been normalized to their absorption change per ΔГ at Г=12.148, i.e. in the cooperative 
regime. 
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Table 4.1 shows that at this basal humidity (Г=12.1), an increase of 50% in the relative molar 
volume expansion coefficient (α). Intuitively, this increase in α can be explained by less 
vacant sites in the DNA film to accept additional water, which starts to insert between the 
hydrated dsDNA strands leading to expanding the volume of the film. 
 
The gain in the POsy absorption intensity and the decrease of that of the POas band observed 
for Г=12.1, continues at higher basal humidity. Fig. 4.7 (A) shows the difference spectra 
measured after the hydration perturbation induced by the hydration pulse using the same 
DNA film but with basal humidity of Г=14.23. The further decrease (~35%) in POas intensity 
can be seen at (1245/1215 cm
-1
) with further decrease in frequency downshift (indicating that 
the newly formed H-bonds are weaker than those formed at lower hydration) continuing  the 
trend observed at Г=9.3 and Г=12.1. The absorption increase of the POsy at (1104/1086 cm
-1
) 
already observed at Г=9.3 and Г=12.1 is also preserved at Г=14.23 (Table 4.1). 
Figure 4.6: Disrelation map (at Г=12.1)  showing similarity (blue) and 
dissimilarity (red) of the time dependencies in pairwise comparisons of selected 
infrared bands of the DNA-backbone and of the water ν(OH). Amplitudes are 
normalised with respect to the correlated bands thus representing purely kinetic 
dissimilarities. Bluish traces dominating the map showing that synchronicity increases 
between different water and DNA bands.   
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The PO2
-
 and ν C-C modes in the Г >12 range exhibit the "canonical" appearance of the 
thermally induced BII to BI transition (Pichler, Rudisser et al. 2002), which has been driven 
here in this work by water only and at ambient temperature. Thereby, the effect of hydration 
could be fully separated from thermal transitions. The different sensitivity of the POas and 
POsy to hydration perturbation, however, reveals a complex nature of the normal modes: the 
shift of the POsy is rather insensitive to H-bonding but accompanies the substate transition for 
which it constitutes an IR-spectral hallmark, while POas, on the other hand, senses mainly the 
H-bonding of the added water and does not correlate to conformational changes. 
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Figure 4.7: Spectral changes after hydration perturbation of a 4 µl 7 mM Salmon 
testes DNA film with Г=14.23. A) Time-resolved difference spectra after the hydration 
perturbation. B) Disrelation spectra of selected wavelengths with the rest of the spectrum. 
Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH stretch 
(w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) and the 
low (red) OH stretch wavelength from the first measured water-enriched spectrum to 
check for sign inversion. 
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Fig. 4.7 (C) shows, similar to the case at Г=12.1, higher synchronicity between the OH 
stretching bands of (w1 & w2) and the other DNA bands, except for the POsy, where it shows 
less synchronicity with w1 and w2 compared to that at Г=12.1, showing again that the two 
water populations observed at Г=9.3 do not longer exist, but rather one homogenous shell of 
water. Fig. 4.8 shows the synchronicity of the system in more similar to the case at Г=12.1 but 
with POsy showing less synchronicity to the added water. More interestingly, the sign 
inversion of the correlated bands seen at Г=12.1 continues at Г=14.23 and at higher hydration 
levels (Fig. 4.7 (C)), showing that the DNA conformational changes start to lag behind water 
exchange with the gas phase once the water layer has grown sufficiently (Г > 12).In this case 
water in the outer shell is only weakly coupled to DNA structure because the inner water 
layers contacting the DNA are distant from the modulated outer water population. This 
behaviour demonstrates a cooperative nature of the water at 12.1 < Γ < 14.23, where the 
synchronicity of water and DNA absorptions reveals the modulation of a contiguous outer 
water layer that is cooperatively linked to DNA conformation rather than occupying defined 
binding sites that exhibit specific IR group frequencies. 
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Figure 4.8: Disrelation map (at Г=14.23)  showing similarity (blue) and 
dissimilarity (red) of the time dependencies in pairwise comparisons of selected 
infrared bands of the DNA-backbone and of the water ν(OH). Amplitudes are 
normalised with respect to the correlated bands thus representing purely kinetic 
dissimilarities. Bluish traces dominating the map showing that synchronicity increases 
between different water and DNA bands.   
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At higher Г, the POas absorption change per ΔГ is further reduced such that the POsy and 
sugar C-C stretching absorption changes dominate the difference spectra (Table 4.1). The 
additional downshift of the sugar C-O vibration at 1061/1050 cm
-1
 seen also in cryogenic and 
thermally induced BII-BI spectra (Pichler, Rudisser et al. 2002) appears rather abruptly at Г > 
12, which is pronounced even stronger at Γ=18.3 (Fig. 4.9 (A)). An interesting spectral 
feature that appears at Г=18.3, is the C-O stretching band of the backbone at 1061/1050 cm
-1
 
which was not observed at lower humdities. 
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Figure 4.9: Spectral changes after hydration perturbation of a 4 µl 7 mM Salmon 
testes DNA film with Г=18.3. A) Time-resolved difference spectra after the hydration 
perturbation. B) Disrelation spectra of selected wavelengths with the rest of the spectrum. 
Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH stretch 
(w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) and the 
low (red) OH stretch wavelength from the first measured water-enriched spectrum to 
check for sign inversion. 
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A value of α=1.6% was recorded at Γ=18.3, showing that the volume change due to the added 
water reaches its maximum at maximum basal humidity (Table 4.1). The gradual increase of 
relative molar volume of H2O with hydration (Fig. 4.10) is indicative of the saturation of 
concave molecular surface areas in the grooves at low humidity after which water starts 
packing between DNA molecules, thereby decreasing their density leading to swelling of the 
DNA film as a whole.  
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Fig. 4.9 (C) shows that there is no sign inversion for the correlated band at Γ=18.3, 
evidencing that at Г > 12 water exchanges with the gas phase are faster than the BIBII 
transition which lags behind. The C-O band has the slowest response, demonstrating that the 
structural change affecting this furanose mode has the highest energy-barrier in the BIBII 
transition and also requires the largest hydration to occur. 
 
Fig. 4.9 (B) and Fig. 4.11 show that at this higher value of Γ, the DNA does not sense the 
added water anymore, where high synchronicity between predominant DNA bands 
themselves, and also between water bands themselves is noticed, but not between each other. 
At this level of basal humidity, the added water due to the hydration pulse do not bound 
directly to the DNA film (seen from the sign inversion in Fig. 4.9 (C) indicating that water 
Figure 4.10: The relative molar volume expansion coefficient (α) as function of basal 
water content (Г), showing the gradual increase of relative molar volume of H2O with 
hydration. 
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evaporate before the relaxation of the DNA’s backbone), but rather contributes to the system 
flexibility.  
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4.1.2 Hydration perturbation of single stranded DNA 
 
To address the role of the DNA grooves as hydration sites for w2 probed at low hydration, we 
have recorded difference spectra of the single stranded (ss) oligonucleotide d(AG)6 at Г = 8 
(Fig. 4.12 (A)). The spectra are remarkably similar to those of dsDNA at Г > 12, the 
POsy:POas ratio is almost identical with that at Г = 18 but the νC-C band exceeds that of the 
POas, whereas it matches the POas band for 12 < Г < 18 in dsDNA. Additional bands between 
1600 and 1800 cm
-1 
arise from the purine rings as expected from their water-accessible 
unpaired  
Figure 4.11: Disrelation map (at Г=18.3)  showing similarity (blue) and 
dissimilarity (red) of the time dependencies in pairwise comparisons of selected 
infrared bands of the DNA-backbone and of the water ν(OH). Amplitudes are 
normalised with respect to the correlated bands thus representing purely kinetic 
dissimilarities. Bluish traces dominating only the square in the lower right corner 
(DNA bands) and the upper left corner (water bands), while the rest of the map is 
greenish show high synchronicity between DNA bands themselves, and also between 
water bands themselves, but not between each other. 
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state. The replacement of the sharp 1060/1050 cm
-1
 difference band by a broad feature shows 
that substate geometries are well defined only in dsDNA. The small disrelation amplitudes 
(Fig. 4.12 (B)) further preclude differentiation between w1- and w2-like water as in dsDNA, 
showing that the w2 binding site requires the ds-structure. The different H-bonding 
environment in d(AG)6 is further reflected by α = 2.9 % under conditions, where dsDNA 
binds water essentially without expansion. Importantly, the ssDNA data show that a shell of 
Г=8 is sufficient to sustain solvation of a single strand very similar to that of dsDNA at Г > 
12. This indicates that the outer water layer at Г > 12 re-structures the w2 population such that 
the constraints imposed by base pairing are relieved allowing increased BI formation. 
Furthermore, the fact that with ssDNA a maximum value of Г=8 was achieved with using 
Figure 4.12: Spectral changes after hydration perturbation of a single stranded (ss) 
oligonucleotide d(AG)6 film with Г=8. A) Time-resolved difference spectra after the 
hydration perturbation. B) Disrelation spectra of selected wavelengths with the rest of the 
spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH 
stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) 
and the low (red) OH stretch wavelength from the first measured water-enriched spectrum 
to check for sign inversion. 
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KNO3 saturated salt solution that usually give Г > 16 for dsDNA shows that cavities in the 
DNA grooves available in the double stranded structure are favourite sites for water binding 
to DNA.   
 
4.2 Hydration of DNA bound to metal cations 
 
The binding of metal cations to the negatively charged DNA polyelectrolyte plays an 
important role in the biological activity of nucleotides and nucleic acids where it changes the 
property of the DNA in ways depend on the nature of the metal ion itself. These can lead to 
DNA denaturation, compaction, aggregation, or precipitation. 
 
In order to understand the mechanisms responsible for the activity of these systems, the study 
of metal ion-nucleic acid interactions is required. One main player in these interactions is 
water, where it constitutes a bridging network that is greatly involved in the binding   process 
either by direct hydrogen binding or by its entropic contribution when it is removed from the 
binding interface. In this section, we show how DNA hydration shells are affected in the 
presence of metal cations by using two kinds of metals ions, europium Eu
+3
 and cobalt(III) 
hexamine (see material section) (Theophanides and Tajmir-Riahi 1985).  
 
 
4.2.1 Hydration perturbation of DNA in complex with Eu
+3
 
 
Trivalent lanthanide ions have been used as probes of the interactions of metal ions with DNA 
due to their attractive spectroscopic and magnetic properties. As a consequence of its 
negatively charged oxygen donor groups, DNA readily interacts with Eu
3+
 ions and may be 
expected to occupy at least some of the inner-sphere coordination sites of the cations, 
contributing to the coordination process by completing chelate bridges where water is greatly 
involved in this process. Due to the efficient charge neutralization of the DNA backbone by 
Eu
+3
, the latter is also an efficient condensing agent and the role of hydration water in this 
state is not fully understood. In addition, Europium cation that has been used in this work 
possess many similarities in their properties to calcium(II). 
 
Fig 4.13 shows that the response of the DNA film at Г= 9 to the hydration pulse in the 
presence of Eu
+3
 is very similar to that seen in Fig 4.3 with DNA film of Г= 9.33. The 
domination of absorption change in the POas band upon water uptake while the POsy is still 
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inactive in this stage, the lack of structure in the scissoring band at (1700/1600 cm
-1
) 
indicative of no structural changes of the nucleobases, and the shape of the OH stretch 
frequencies at ~ 3530 cm
-1
 and 3250 cm
-1
 in the late difference spectra that shows the 
presence of the two water populations w1 and w2 seen already in free DNA in Fig. 4.3 (A).  
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Interestingly,  the high correlation between w1 stretch band at ~ 3530 cm
-1
 and the POas band 
at 1205 cm
-1
 seen in free DNA films is reduced in the presence of Eu
+3
 evident from the 
increased intensity of the disrelation spectrum (black) in Fig 4.13 (B) at 1205 cm
-1
. The 
decreased correlation between the w1 and POas bands can be assigned to the effect of Eu
+3
, 
which binds to the negatively charged phosphate groups and tends to lower the direct H-
bonding screening by the PO2
-
. Also similar to the case of free DNA, both POas and POsy are 
Figure 4.13: Spectral changes after hydration perturbation of a salmon testes DNA-
Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
with Г=9. A) Time-resolved difference spectra after the 
hydration perturbation. B) Disrelation spectra of selected wavelengths with the rest of the 
spectrum. Black trace is the OH stretch of weakly H-bonded water (w1) at ~ 3530 cm
-1
 and 
red one is for the low OH stretch of the stronger bonded water (w2) at ~ 3250 cm
-1
. C) 
Subtraction of the synchronous spectra of the high (black) and the low (red) OH stretching 
absorption from the first measured water-enriched spectrum revealing the conservation of 
the sign of the difference bands, demonstrating a faster relaxation of the pulse-induced 
DNA difference bands than the release of the w1 & w2 to the gas phase. 
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not synchronized with the w2 cluster at Г=9 (Fig. 4.13 (B), red spectrum), as both phosphate 
stretches relax faster than the re-equilibration of the w2 with the gas phase such that in Fig. 
4.13 (C) difference bands preserve their signs. The most pronounced effect of the presence of 
Eu
+3
 on the DNA film can be seen by the increased volume changes upon water uptake, where 
α records a value of 0.9 % which is twice as large as that recorded for a very similar Г in the 
absence of Eu
+3
. Moreover, the Disrelation map in Fig. 4.14 shows that, similar to the case at 
Г=9.33 without Eu
+3
, the two stretching modes of POas at ~ 1205 cm
-1
 and POsy at 1085 cm
-1
 
are highly asynchronous although they originate from the same phosphate group. The reason 
for this lies in the different internal coordinates in these modes which sense different 
transitions as explained b your DFT calculations shown in the discussion chapter. 
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The almost identical spectral changes produced upon water uptake by DNA-Eu
+3
 mixture film 
with [DNA(P)/Eu
+3
=10] compared to the case with similar basal humidity in the absence of 
Eu
+3
 shows that europium at this low hydration does not prevent water access to the 
phosphate group. However, the decreased synchronicity of POas with w1 and particularly 
Figure 4.14: Disrelation map of a Salmon testes DNA-Eu
+3
 film 
([DNA(P)/Eu
+3
=10])
 
with Г=9 showing similarity (blue) and dissimilarity (red) of 
the time dependencies in pairwise comparisons of selected infrared bands of the 
DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities. The w1 ν(OH) 
and the POas absorption of the BI state (1209 cm
-1
) are synchronised, whereas the POsy 
and POas modes are not. 
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faster relaxation of the POas than the release of the weakly H-bonded w1 indicates that 
hydration water from the phosphate groups is relocated to another weakly H-bonding site, 
before it is lost to the gas phase. We ascribe this behaviour to the shift of the w1 water from 
the PO2
-  
groups to the Eu
+3
 water coordination shell without a net change of average H-bond 
strength. This contrasts the situation without Eu
+3
, where w1 water is relocated as well but it 
gains H-bond strength by supplementing the pool of w2 before it is released to the gas phase.    
 
Fig 4.15 (A) shows that upon increasing the basal humidity from Г=9 to Г=12 in the presence 
of Eu
+3
, a decrease in the POas difference band intensity per ΔГ of ~ 40% is observed, while 
this absorption change per ΔГ is still similar to that in the case of similar value of Г in the 
absence of Eu
+3
 (Fig 4.5 (A)).  
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Figure 4.15: Spectral changes after hydration perturbation of a Salmon testes DNA-
Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
with Г=11. A) Time-resolved difference spectra after the 
hydration perturbation. B) Disrelation spectra of selected wavelengths with the rest of the 
spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH 
stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high (black) 
and the low (red) OH stretch wavelength from the first measured water-enriched spectrum 
to check for sign inversion. 
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Furthermore, a decrease in the POas frequency downshift from (1245/1205 cm
-1
) at Г=9 to 
(1246/1209cm
-1
) at Г=11 (identical to the case of DNA film with no Eu
+3
 at Г=12.14), 
indicating the PO2
- 
groups sees less water compared to the state with lower basal humdities 
due to the decrease in water vacant sites within the DNA film. At this level of basal humidity 
(Г=11), the POsy and the sugar C-C stretches start responding to the water uptake more 
actively reproducing the spectral changes already observed in the case of the DNA film with 
no Eu
+3
 at Г=12.14.  
 
In Fig. 4.15 (B) we see that although the intensity of the disrelation spectra is higher than that 
in the case with no Eu
+3
 (less synchronicity), w1 & w2 stretching bands are both synchronized 
with the rest of the DNA bands observed from the low value of the disrelation spectrum 
intensities rationed to their corresponding intensities in the difference spectrum, indicating 
that the distinction between the two water populations vanishes at Г=11 (same effect at 
similar Г with the case with no Eu
+3
). 
 
Also, the sign inversion observed at similar Г in the case of free DNA is observed in Fig. 4.15 
(C), demonstrating that at this basal humidity DNA backbone absorption changes start to lag 
behind the water exchange kinetics, whereas they preceded water evaporation at Г=9. 
 
While almost no effect of the presence of Eu
+3
 on the spectral changes caused by the water 
uptake due to the hydration perturbation is observed, its effect on the DNA film volume 
expansion is clear. The relative molar volume expansion coefficient (α) for the DNA-Eu
+3
 
film at Г=11 has been has been measured to be 1.6% compared to 1% in the case of the DNA 
film with no Eu
+3
 at similar basal hydration (Г=12.14). 
 
Fig. 4.16 shows the increased synchronicity of all difference bands at this level of basal 
humidity, demonstrating again the lost of distinction of the two water populations at Г=11. 
The data evidence that the hydration shells of Eu
+3
 and DNA are highly coupled leading to a 
common equilibrium rate of all water molecules irrespective of their H-bond strength such 
that no temporal change in the water ν(OH) is observed. 
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Upon increasing basal humidity to Г=14, more pronounced effects of Eu
+3
 are observed. Fig. 
4.17 (A) shows that, similar to free DNA, the POsy band dominates the spectral changes along 
with a further decrease in the POas, but Eu
+3
 at Г=14 additionally decreases the intensity of the 
sugar C-C stretch by ~ 50% which was not observed for the free DNA film at similar Г (Table 
4.2). Furthermore, the presence of Eu
+3
 causes a 7 cm
-1
 up shift in the POas band of the BI 
state from 1215 cm
-1
 in the case of free DNA film to  1222 cm
-1
. This shows that Eu
+3 
promotes disordering of the PO2
-
 hydration shell leading to weaker H-bonding at the 
phosphooxygen. 
 
Figure 4.16: Disrelation map of a Salmon testes DNA-Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
with 
Г=11 showing similarity (blue) and dissimilarity (red) of the time dependencies in 
pairwise comparisons of selected infrared bands of the DNA-backbone and of the water 
ν(OH). Amplitudes are normalised with respect to the correlated bands thus representing 
purely kinetic dissimilarities. The bluish dominated map demonstrates that all spectral changes 
are highly synchronous. 
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The other effect of Eu
+3
 can be seen in the OH stretch region ~ 3600-3100 cm
-1
, where the 
broad band of the added water usually observed at lower hydration gets narrower by 20 cm
-1
 
in the presence of Eu
+3
 at Г=14, and by ~ 10 cm
-1
 as compared to that in the presence of EU
+3
 
at a lower basal humidity (Г=11). This indicates that Eu
+3
 at this Г forms its own water 
network which is more structured than in free DNA. This explains the up shift in the POas 
band, because the EU
+3
 water interactions appear to be stronger than the PO2
-
 water bonding. 
The effect of the presence of Eu
+3
 on the film expansion continues at this Г, where the value 
of α increases twice compared to the case with no Eu
+3
 at the same basal humidity recording a 
value of α=2.5% (Table 4.2). This is again a strong indication of a highly structured water 
shell that prevents tight water packing. 
Figure 4.17: Spectral changes after hydration perturbation of a Salmon testes DNA-
Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
with Г=14. A) Time-resolved difference spectra after the 
hydration perturbation. B) Disrelation spectra of selected wavelengths with the rest of the 
spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low OH 
stretch (w2) at ~ 3250 cm
-1
 As in free DNA, a rather high degree of synchronicity is 
evidenced by the low disrelation amplitudes (see also Fig 18. C) Subtraction of the 
synchronous spectra of the high (black) and the low (red) OH stretch wavelength from the 
first measured water-enriched spectrum to check for sign inversion. 
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The disrelation map in Fig. 4.18 shows that the system it this Г is still highly synchronous, 
where the added water due to the hydration pulse modulate the total system in a homogenous 
way (very high synchronicity between different OH bands), and we see that the POsy is also 
synchronized with the rest of the bands in contrast to the case at the same Г where no Eu
+3
 is 
used (Fig. 4.8). 
 
 
 
 
 
 
Г α ΔPOas/ΔГ ΔPOsy/ΔГ ΔC-C/ΔГ 
9 1% 1.67 0.57 1.31 
11 1.6% 1 1 1 
14 2.5% 0.43 1.025 0.545 
21 4.8% 0.15 0.42 0.0545 
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Table 4.2: Relative molar volume expansion coefficient (α) and normalized absorption change per 
ΔГ of POas, POsy and C-C bands for salmon testes DNA-Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
 at four 
different basal hydrations (Г). The normalized absorption intensities were calculated by dividing the 
integral of the individual difference bands by the integral of the OH stretch difference band ~ 3600-
3100 cm
-1
. For clarity and easier comparison between absorption changes at different values of Г, all 
absorption changes in this table have been normalized to their absorption change per ΔГ at Г=11, i.e. in 
the cooperative regime. 
Figure 4.18: Disrelation map of a Salmon testes DNA-Eu
+3
 film 
([DNA(P)/Eu
+3
=10])
 
with Г=14 showing similarity (blue) and dissimilarity (red) of 
the time dependencies in pairwise comparisons of selected infrared bands of the 
DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities. The bluish 
dominated map demonstrates that synchronicity increases between different water and 
DNA bands, except for the sugar C-C stretch which has less synchronicity with other 
bands. 
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In summary, Eu
+3
 “tightens” the coupling between hydration and DNA conformation such 
that even the addition of water to the water shell of the large water cluster (Г ≥ 14) is 
immediately sensed by the DNA. We will see that this trend is even confirmed up to Г=21. 
 
At higher basal hydration of Г=21.3 (Fig. 4.19), the effect Eu
+3
 makes drastic contribution to 
the spectral changes upon water uptake as compared to the case of free DNA (Fig. 4.9). For 
the first time in these series of hydration experiments, we see that the DNA bases respond to 
water uptake/release at Г=21.3 in the presence of Eu
+3
.  
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The difference spectra in Fig. 4.19 (A) show positive peak of the C=N ring vibration and 
negative peak of the C6=O6 stretch of the Guanine at 1595 cm
-1
 and 1712 cm
-1
 respectively, 
and the in-plane ring vibration of the Cytosine at 1622 cm
-1
, and the negative peaks of the 
Figure 4.19: Spectral changes after hydration perturbation of a Salmon testes DNA-
Eu
+3
 film ([DNA(P)/Eu
+3
=10])
 
with Г=21.3. A) Time-resolved difference spectra after 
the hydration perturbation. B) Disrelation spectra of selected wavelengths with the rest of 
the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and red one is for low 
OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous spectra of the high 
(black) and the low (red) OH stretch wavelength from the first measured water-enriched 
spectrum reveals that DNA absorptions lag behind water re-equilibrium (band inversion in 
C versus A). 
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C4=O4 and stretch of the thymine at 1664 cm
-1
 (Banyay, Sarkar et al. 2003). This leads to the 
suggestion, that Eu
+3
 affects H-bonding to the DNA bases by establishing an H-bond network 
that links the outer shell water (which is the modulated layer) to water-interaction at the bases. 
This process does not happen before a critical amount of water is available for an efficient 
DNA-Eu
+3
 H2O linkage.   
 
The POas absorption change at 1247/1227 cm
-1
 band at this higher Г almost vanishes, similar 
to that, the POsy intensity at 1091 cm
-1
 reaches its lowest value at the highest basal humidity of 
Г=21.3 (Table 4.2), which is opposite to the case of free DNA (Table 4.1). This may be 
attributed to the onset of DNA condensation at high level of hydration, where Eu
+3 
has 
acquired a complete hydration shell that interacts with DNA. Together with the reduction of 
the DNA absorption changes already seen at lower Г, the data indicate that Eu
+3
 rigidifies the 
DNA by coupling it to a highly ordered water envelope.     
 
The OH stretch region (3600-3100 cm
-1
) in Fig. 4.19 (A) shows that the added water behaves 
totally differently at higher basal humidity of the DNA film in the presence of europium 
cations. Instead of the broadband observed previously in Fig. 4.9 at high humidity in the 
absence of Eu
+3
, the OH stretch region (representing the added water) gets narrower (50 cm
-1
 
FWHM narrower than that with no Eu
+3
), along with a frequency down shift of ~ 100 cm
-1
 
compared to free DNA film at comparable humidity. We suggest that at this stage of 
hydration, the added water get more structured due to the dissolving of the europium and the 
construction of its own water network via which it can interact with DNA.   
 
Thus, the saliant effect of Eu
+3
 is the gain of water structure with hydration shell growth, 
whereas in free DNA the opposite occurs. The gain of water structure is accompanied by 
DNA rigidification and ultimately leads to condensation, indicated by the strong response of 
the accessible N and O atoms of the bases.    
 
Film volume changes get greatly effected by the presence of europium cations at high basal 
humidity, where the film volume expansion reaches its maximum at maximum hydration 
level (Г=21.3) with a value of α= 4.8% (Table 4.2). Fig. 4.20 shows how the presence Eu
+3
 in 
the DNA film increases the volume expansion of the film upon water uptake due to the 
hydration pulse at comparable values of Г in free DNA. 
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The disrelation map in Fig. 4.21 shows that the DNA-Eu
+3
 film at Г=21.3 exhibits very high 
synchronicity dominating all bands (water-water, DNA-DNA and DNA-water) upon water 
uptake, much different from DNA films without Eu
+3
 at similar high basal humidity, where 
high synchronicity where observed between water bands themselves, and between DNA 
bands themselves, but not between each other (less synchronicity between DNA-water 
bands). This shows that Eu
+3
 “dissolves” at this high humidity and forms its own water 
structure that is imposed on the inner DNA hydration shell, thereby leading to the observed 
high synchronicity of outer shell water and DNA structure. Only the sugar C-C is lagging 
behind water modulation. 
 
 
Figure 4.20: The relative molar volume expansion coefficient (α) as function of basal 
water content (Г) showing the effect of the presence of Eu
+3
 on film volume expansion 
water uptake due to hydration perturbation pulse. 
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4.2.2 Time resolved laser fluorescence spectroscopy (TRFLS) of DNA-Eu
+3
 
complex 
  
The coordination of Eu
+3
 in its DNA bound state has been further investigated in this work. 
As explained before in the methods section, the number of water molecules in the first 
coordination sphere of Eu
+3
 can be calculated from its luminescence  excited-state lifetime, 
thus, TRLFS has been used here by titrating DNA to europium to study the changes in the 
Eu
+3
-water network under different DNA-Eu
+3
 ratios. 
 
Fig. 4.22 shows the luminescence decay curves of europium in water upon complexation to 
dsDNA, where a decrease in the decay time is observed upon increasing the amount of DNA 
up to a ratio of DNA(P)/Eu
+3
=4.68 where the effect of Eu
+3
 saturation is observed. All curves 
are monoexponential, which means there is only one lifetime that can be fitted to the Eu
+3
 
luminescence. By fitting the lifetime (τ) for each curve and apply it to equation (2.23), the 
Figure 4.21: Disrelation map of a Salmon testes DNA-Eu
+3
 film 
([DNA(P)/Eu
+3
=10])
 
with Г=21.3 showing similarity (blue) and dissimilarity (red) 
of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect 
to the correlated bands thus representing purely kinetic dissimilarities. High 
synchronicity dominating the whole system, except for less synchronicity for sugar C-
C stretch with other bands. 
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number of water molecules in the first coordination sphere nH2O of the Eu
+3
 complex can be 
estimated at each given dsDNA-Eu
+3
 ratio (Table 4.3). 
 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
 Eu
+3
 DNA(P)/Eu
+3
=0.67
 DNA(P)/Eu
+3
=1.34
 DNA(P)/Eu
+3
=2
 DNA(P)/Eu
+3
=2.67
 DNA(P)/Eu
+3
=3.34
 DNA(P)/Eu
+3
=4.01
 DNA(P)/Eu
+3
=4.68
 DNA(P)/Eu
+3
=6.68

 L
u
m
in
e
s
c
e
n
c
e
 i
n
te
n
s
it
y
 (
lo
g
)
delay time / ns
 
 
 
 
 
Table 4.4 shows that in the initial state in the absence of dsDNA, the Eu
+3
 water network 
consists of ~ 9 molecules and upon complexation to dsDNA this number decreases, 
demonstrating that dsDNA is substituting water upon binding to europium. The reaction 
saturates at a ratio of dsDNA-Eu
+3
 of 4 showing that dsDNA binds to Eu
+3
 and replaces a 
maximum number of 5 water molecules. In combination with the FTIR data, the remaining 4 
coordinating water molecules appear to be responsible for the dramatic restructuring of the 
entire DNA hydration shell leading to rigidification and tight coupling between hydration and 
conformation (Figs 4.19-4.21). 
 
 
 
 
 
 
Figure 4.22: Luminesce decay curves of Europium in water upon complexation to dsDNA 
using TRLFS.   
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dsDNA(P)/Eu
+3
 τ μs nH2O 
0 106 9.5 
0.67 129 7.7 
1.34 139 7.1 
2 143 6.9 
2.67 165 5.9 
3.34 213 4.4 
4.01 220 4.2 
4.68 238 3.9 
5.34 239 3.9 
6.68 233 4 
 
 
In order to see whether the double strand structure of DNA plays a role in binding to Eu
+3
, the 
titrational TRLFS measurements were repeated using single stranded  (ss) oligonucleotides. 
Table 4.4 demonstrates the luminescence decay lifetimes of Eu
+3
 at different ratios of d(AG)6-
Eu
+3
. Again, before starting with titration, europium in water solution has 9 water molecules 
in its first coordination sphere, and the number of water molecules starts to decrease upon 
oligonucleotide binding. Here, we see that a larger amount of oligonucleotide is needed for 
the binding process to reach saturation at ssDNA(P)/Eu
+3
~15 compared to dsDNA(P)/Eu
+3
~4  
in the case of double stranded DNA.  
 
In addition, at the end of the reaction, a maximum number of 4 water molecules are replaced 
by the oligonucleotides compared to 5 in the case of double stranded DNA. This shows that 
double stranded DNA binds efficiently to europium.  
 
The TRLFS data show that Eu
+3
 binds to dsDNA and at a quasi-stoichiometric ratio of 
10:1:140 fully reconstructs the hydration shell such that Eu
+3
 is coordinated by 5 inner sphere 
DNA ligands and by four coordinating waters to the rest of the hydration shell. This results in 
a reduced water density and a tight coupling of hydration to an overall rigidified DNA 
structure. Instead of the increasing disorder of a growing hydration shell which promotes BI-
formation in free DNA, an increase of order is caused by the ordering effect of the Eu
+3
 
Table 4.3: Fitted lifetimes (τ) of the Eu
+3 
luminescence decay curves upon complexation 
to dsDNA using titrational TRLFS. The number Eu
+3
 coordination water molecules are 
calculated accordingly using equation (2.23). 
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coordination. Thereby, BI does not form and the Eu
+3
-stabalized DNA structure seems to be a 
condensed state with a strongly perturbed H-bonding to the nucleobases.  
 
 
 
ssDNA(P)/Eu
+3
 τ μs nH2O 
0 112.8 8.9 
0.83 119.1 8.4 
1.94 121.3 8.2 
2.5 116.4 8.6 
3.34 121.2 8.2 
4.45 126.9 7.8 
5.01 129.6 7.6 
6.13 133.5 7.4 
7.25 140.6 7 
8.93 147 6.7 
10.05 148.7 6.6 
12.29 166 5.8 
14.53 174.1 5.5 
15.64 183.2 5.2 
16.76 183.6 5.2 
17.88 188.8 5 
 
 
4.2.3 DNA-cobalt(III) hexamine hydration 
 
The complexation of DNA with cobalt (III) hexamine was studied to address the question 
whether the remarkable effect of Eu
+3
 on DNA structural transition is dominated by 
electrostatic (trivalent cations are most potent in neutralizing the negative charge of the DNA 
backbone) or, as suggested by the unexpected ν(OH) narrowing, by induced water structure. 
Cobalt (III) hexamine is also a trivalent cation complex but its outer shell is not formed by 
water but by aminogroups. Cob(III) hexamine is an attractive metal to be studied as it can 
lead to condensation (similar to Eu
+3
) and aggregation of DNA. Furthermore, Cob(III) 
hexamine has been shown to bind to the major groove which is an attractive hydration site for 
DNA (Ouameur and Tajmir-Riahi 2004).  
 
Fig. 4.23 shows the absorption changes and bands kinetics of a DNA-Cob(III) hexamine film 
with Г=10 upon hydration perturbation. The domination of the POas band with much less 
activity of POsy and C-C stretch observed in the case of DNA film with no ligand is also 
observed here in the presence of cob (III) hexamine at Г=10 (Fig. 4.23 (A)) showing that the 
Table 4.4: Fitted lifetimes (τ) of the Eu
+3 
luminescence decay curves upon complexation to 
single stranded oligonucleotides d(AG)6 using titrational TRLFS. The number Eu
+3
 
coordination water molecules are calculated accordingly using equation (2.23). 
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DNA backbone phosphate at this humidity mainly senses H-bonding upon water uptake with 
no conformational changes (BIIBI). At this hydration level (Г=10) and in the presence of 
cob(III) hexamine, the backbone phosphate seems to be more sensitive to H-bonding 
compared to the case of DNA film at Г=9.33 observed from the frequency up shift of the POas 
from 1245/1205 cm
-1
 (Fig 4.3 (A)) to 1249/1208 cm
-1
 in Fig. 4.23 (A). Except for this slight 
difference, the BIIBI transition in the presence of cob (III) hexamine is spectrally virtually 
identical with that in free DNA (Fig 4.3). 
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Figure 4.23: Spectral changes after hydration perturbation of a Salmon testes DNA-
Cob(III) hexamine film ([DNA(P)/ Cob(III)=4])
 
with Г=10. A) Time-resolved 
difference spectra after the hydration perturbation. B) Disrelation spectra of selected 
wavelengths with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 
3530 cm
-1
 and red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the 
synchronous spectra of the high (black) and the low (red) OH stretch wavelength from the 
first measured water-enriched spectrum showing that PO2
-
 H-bond changes sensed by POas 
precede the re-equilibration of water with the gas phase (no sign reversal). 
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The two water populations (w1 and w2) can still be observed upon water uptake at this low 
basal humidity similar to the case of the free DNA film in Fig. 4.23. However, the 
synchronicity between w1 and POas is reduced seen from the increased disrelation amplitude 
(Fig. 4.23 (B)) when the POas is referenced against the w1 frequency at ~ 3350 cm
-1
 (Fig. 4.23 
(B)).  
  
Fig. 4.23 (C) shows, similar to the case of free DNA film and DNA film with Eu
+3
, there is no 
sign inversion at this level of humidity, indicating that DNA backbone relaxation takes place 
before evaporation. 
 
At this low basal humidity, we also see that the presence of cob(III) hexamine modifies the 
system’s kinetics. The disrelation map in Fig. 4.24 shows that the high asynchronicity of the 
POsy at 1087 cm
-1
 with the rest of the water and DNA absorption bands observed for free 
DNA film (Fig 4.4) is reduced. Thus, cob (III) hexamine leads to a more efficient coupling of 
the hydration shell to the BIIBI transition.  
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Figure 4.24: Disrelation map of a Salmon testes DNA-cob(III) hexamine film 
([DNA(P)/ Cob(III)=4])
  
with Г=10 showing similarity (blue) and dissimilarity (red) of 
the time dependencies in pairwise comparisons of selected infrared bands of the DNA-
backbone and of the water ν(OH). Amplitudes are normalised with respect to the 
correlated bands thus representing purely kinetic dissimilarities.  
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Fig 4.25 (A) shows that at Г=12, the absorption changes in the difference spectra of the DNA-
cob(III) hexamine film upon water uptake look very similar to those in Fig. 4.5 (A) for free 
DNA film with Г=12.14, where at this level of humidity the POsy at 1085 cm
-1
 and C-C at 973 
cm
-1
 stretch bands start gaining intensity in response to water-driven conformational changes 
of the DNA backbone.  
 
The distinction between w1 and w2 water populations disappears at this level of humidity 
observed from the disrelation spectra in Fig. 4.25 (B) between 3100 and 3600 cm
-1
. The sign 
inversion observed in Fig. 4.25 (C) shows again that at this level of humidity (Г=12) the 
modulation of the outer hydration layer starts to become faster than the structured response of 
the DNA backbone. This pattern has been observed for free DNA, DNA-Eu
+3
, and DNA-
cob(III) hexamine films at approximately the same hydration level (Г~12). 
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Figure 4.25: Spectral changes after hydration perturbation of a Salmon testes DNA-
Cob(III) hexamine film ([DNA(P)/ Cob(III)=4])
 
with Г=12. A) Time-resolved 
difference spectra after the hydration perturbation. B) Disrelation spectra of selected 
wavelengths with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 
3530 cm
-1
 and red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the 
synchronous spectra of the high (black) and the low (red) OH stretch wavelength from the 
first measured water-enriched spectrum to check for sign inversion. 
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Fig. 4.26 shows that the presence of cob(III) hexamine does not destroy the cooperativity of 
the system at this level of humidity, evident from the “bluish” appearance of the disrelation 
map in Fig. 4.26, except for the lower synchronicity recorded for the sugar C-C stretch at 976 
cm
-1
 similar to the case of DNA-Eu
+3 
at similar Г.  
3
6
2
3
3
5
2
7
3
4
2
1
3
3
2
5
3
2
2
8
1
2
4
6
1
2
0
9
1
0
8
7
9
7
6
976
1087
1209
1246
3228
3325
3421
3527
3623
 
 
 cm
-1
 c
m
-1
 
 
 
 
 
At higher basal humidity (Г=16.32), the difference spectra in Fig. 4.27 (A) generated by the 
hydration perturbation pulse in the presence of cob(III) hexamine exhibit the "canonical" 
appearance of the thermally induced BII  BI transition (Pichler, Rudisser et al. 2002)that has 
been already observed in the case of DNA film without ligand (Fig 4.7 (A)). 
 
While at hydration levels below Г=16, no effect of the presence of cob(III) hexamine on 
water restructuring is observed as the measured OH stretch bandwidth for DNA-cob(III) 
hexamine film at Г= 10 and 12, and for DNA film at Г=9.33, 12.14 and 14.23 was ~ 415 cm
-1
 
FWHM, here the measured OH stretch bandwidth in the presence of cob(III) hexamine at 
Г=16.32 was ~407 cm
-1
 FWHM, giving rise to a narrower band shape of the added water. 
Figure 4.26: Disrelation map of a Salmon testes DNA-cob(III) hexamine film 
([DNA(P)/ Cob(III)=4])
  
with Г=12 showing similarity (blue) and dissimilarity (red) of 
the time dependencies in pairwise comparisons of selected infrared bands of the DNA-
backbone and of the water ν(OH). Amplitudes are normalised with respect to the 
correlated bands thus representing purely kinetic dissimilarities.  
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This narrowing, however, is much less than for Eu
+3
 (Fig. 4.19). In fact, the water ν(OH) in 
the presence of cob (III) hexamine at Г=16 is wider than that of free DNA at comparable 
hydration (Fig. 4.9). 
 
An interesting spectral feature at Г=16.32 is the difference band at 1020/1005 cm
-1
 of the 
furanose vibration along with a 3 cm
-1
 downshift in the backbone C-C stretch from 973 to 970 
cm
-1
, indicating an altered H-bond environment of the furanose.  
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The disrelation 2D map in Fig. 4.28 shows very high synchronicity for all bands in the 
presence of cob(III) hexamine at Г=16.23, The presence of cob(III) hexamine broadens the 
Figure 4.27: Spectral changes after hydration perturbation of a Salmon testes DNA-
Cob(III) hexamine film ([DNA(P)/ Cob(III)=4])
 
with Г=16.32. A) Time-resolved 
difference spectra after the hydration perturbation. B) Disrelation spectra of selected 
wavelengths with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 
3530 cm
-1
 and red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the 
synchronous spectra of the high (black) and the low (red) OH stretch wavelength from the 
first measured water-enriched spectrum to check for sign inversion. 
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range of Г in which larger synchronicity between hydration and BIIBI transition is observed 
(10 < Г < 16) than for free DNA, but full cooperativity is only achieved at Г=16. Remarkably, 
there is no indication for an apparent conformational change in DNA as seen in the case in the 
presence of Eu
+3
.   
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Fig 4.29 shows the relative molar volume expansion coefficient (α) as function of basal water 
content (Г) of DNA- cob(III) hexamine compared to the case of DNA-Eu
+3
 and free DNA. As 
expected, an increase in the value of α is observed whenever Г is increased. However, the 
deviation from the water packing in the hydration of free DNA is clearly different for Eu
+3
 
and cob (III) hexamine. 
 
Although more cob (III) per DNA phosphate was used (DNA(P)/cob(III)=4) compared to the 
DNA-europium film (DNA(P)/Eu
+3
=10), the effect of the europium on film expansion for Г > 
14 is larger than that of cob(III) (at Г ≤ 14 similar values of Г are observed for both cations). 
Figure 4.28: Disrelation map of a Salmon testes DNA-cob(III) hexamine film 
([DNA(P)/ Cob(III)=4])
  
with Г=16.32 showing similarity (blue) and dissimilarity (red) 
of the time dependencies in pairwise comparisons of selected infrared bands of the 
DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to the 
correlated bands thus representing purely kinetic dissimilarities.  
Chapter Four                                                                                              Results 
 105 
This can be attributed to the different water-structuring properties of europium which 
generates a water network that exhibits low packing density and exerts a strong force on DNA 
structure leading to altered base-H-bonding. None of these effects is seen with cob (III) 
hexamine. 
8 10 12 14 16 18 20 22 24
0.01
0.02
0.03
0.04
0.05


 DNA
 DNA(P)/Eu+3=10
 DNA(P)/Cob(III)=4
 
 
 
 
 
4.3 DNA-peptide complex Hydration 
 
In order to understand the role of water on DNA-peptide interaction, we studied here the 
hydration perturbation of DNA-Indolicidin films. Indolicidin is a 13-mer peptide 
(ILPWKWPWWPWRR-NH2) of antimicrobial activity excreted from human neutrophiles 
and it has been suggested to bind to the DNA major groove but structural information is still 
limited (Hsu, Chen et al. 2005). A thin film of DNA-Indolicidin with the ratio of 
DNA(P)/Indolicidin=56 was measured using the hydration perturbation method. 
 
4.3.1 Hydration perturbation of DNA-Indolicidin complex 
 
Fig. 4.30 shows the hydration perturbation difference and disrelation spectra measured for a 
DNA-Indolicidin film with Г=7.3, where similar absorption changes to that of free DNA at 
comparable humidity are observed. Fig. 4.30 (A) shows that, no absorption changes were 
observed for the DNA bases upon water uptake similar to the case of free DNA, and that the 
Figure 4.29: The relative molar volume expansion coefficient (α) as function of basal 
water content (Г) showing the effect of the presence of cob(III) hexamine  and Eu
+3
 
on film volume expansion upon water uptake due to hydration perturbation pulse. 
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POas difference band at 1249/1206 cm
-1
 is dominating the spectral changes compared to 
moderate change in the POsy band at 1085 cm
-1
 and C-C stretching band at 975 cm
-1 
demonstrating that the PO2
-
 group is mainly effected by H-bonding at this level of humidity 
while absorption of POsy and C-C bonds does not indicate major conformation changes. 
Although the distinction between the two water populations w1 and w2 that was strongly 
pronounced in the case of free DNA at Г=9.3 is attenuated here in the presence of indolicidin 
at Г=7.3, it is still possible to differentiate between w1 and w2 at low humidity through the 
relatively higher synchronization of w1 with the POas band as compared to the low 
synchronization of w2 seen in the disrelation spectra of Fig. 4.30 (B).  
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Figure 4.30: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/Indolicidin=56])
 
with Г=7.3. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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Also, the OH stretching band at ~3100-3600 cm
-1
 in Fig 30 (A) is broadened in the presence 
of indolicidin ( ~ 430 cm
-1
 FWHM compared to ~ 415 cm
-1
 in the case of free DNA). No sign 
inversion is observed in Fig. 4.30 (C), showing that the DNA backbone relaxation is faster 
than water evaporation at this low humidity which has also been observed for free DNA, 
DNA+Eu
+3
 and DNA+ cobalt. At this low humidity a small increase in the film volume 
expansion was observed where a value of α=0.55% at Г=7.3 for the DNA-Indolicidin film 
was recorded which is slightly larger than that of α=0.4% at Г=9.3 of free DNA. This shows 
that although the film in both cases has many available vacant sites for the added water to 
bind, indolicidin reduces the number of these sites even at such low humidity, leading to 
swelling upon insertion of water between the DNA-indolicidin complexes. 
 
The disrelation 2D map in Fig. 4.31 shows the difference in synchronicity for the w1 water 
band with both the POas band (high synchronicity at the 3527 cm
-1
 and 1209 cm
-1
 pair) and 
the POsy band (relatively lower synchronicity at the 3527 cm
-1
 and 1084 cm
-1
 pair), and also 
the low synchronicity between POas and POsy observed at the 1209 cm
-1
 and 1084 cm
-1 
pair, 
showing that the two modes have different kinetics in response to the water uptake although 
they originate from the same phosphate groups. 
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Figure 4.31: Disrelation map of a Salmon testes DNA-Indolicidin film 
([DNA(P)/Indolicidin=56])
  
with Г=7.3 showing similarity (blue) and dissimilarity 
(red) of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities.  
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Interestingly, by raising the basal humidity of the DNA-Indolicidin film from Г=7.3 to Г=9.2, 
the DNA bases in the presence of indolicidin start to respond to the water uptake. Fig. 4.32 
(A) shows the increase in absorption intensity at Г=9.2 for the C=N and C=C ring vibration of 
the adenine base at 1626 cm
-1
, the C=N ring vibration of the guanine base at 1585 cm
-1
 and 
the adenine-thymine base pair at 938 cm
-1
(Banyay, Sarkar et al. 2003) evoked by the added 
water. This transition in the activity of the bases upon increasing basal humidity by two water 
molecules (still within the low hydration regime), shows that indolicidin needs a very critical 
amount of water molecules in order to show an effect on DNA bases. These 2 water 
molecules increase also show an affect on the POsy and C-C bands activities upon water 
uptake, where an increase in intensity is observed at 1084 cm
-1 
and 975 cm
-1
 respectively (Fig. 
4.32 (A)) indicating the onset of conformational transitions. 
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Figure 4.32: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/Indolicidin=56])
 
with Г=9.2. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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The OH band broadening effect of the indolicidin is further pronounced here at Г=9.2 with a 
bandwidth of ~ 440 cm
-1
 FWHM recording a 25 cm
-1
 broader band than that with free DNA at 
similar humidity and a broadening of 10 cm
-1
 than that recoded with indolicidin at Г=7.3. 
Thus, the hydration shell water in the presence of indolicidin is less ordered than in free DNA. 
 
The clear distinction between the two water populations w1 and w2 observed in free DNA at 
Г=9.33 disappears in the presence of indolicidin (similar intensity changes of the w1 and w2 in 
the disrelation spectra of Fig. 4.32 (C)), where both populations are more synchronous with 
the POas and C-C bands, and less synchronous with the POsy of the BI state (1084 cm
-1
).  
 
A very interesting spectral feature that was observed only in the presence of indolicidin is that 
already at low hydration (Г=9.2) a sign inversion can be observed in Fig. 4.32 (C) meaning 
that DNA relaxation lags behind water evaporation, whereas this sign inversion has been 
observed for free DNA only at higher humidity (at Г=12.3). Another interesting observation is 
that when there is enough water molecules at the DNA interface a sign inversion takes place 
for all bands, which is not the case with indolicidin where only the POsy band inverts its sign 
while POas does not (Fig. 4.32 (C)), showing that while POas is still synchronized with the 
water kinetics, the relaxation of the backbone represented by the POsy takes place after water 
evaporation. 
 
Clearly, indolicidin emphases the quick hydration response of the PO2
- 
group (POas band) 
from the slow conformational BIIBI transition (C-C, POsy) lagging behind water-exchange. 
This difference in the kinetics response of the POas and POsy to the added water can also be 
seen in the disrelation 2D map in Fig. 4.33, along with the high synchronicity between 
different water bands indicating the uniform broad OH band due to the added water and that 
no distinction between high and low frequency water populations can be observed in the 
presence of indolicidin.  
 
The data suggest that indolicidin fills the cavities which water usually fills in free DNA. 
Thereby, higher swelling effect results in the presence of indolicidin. Importantly,  the 
replaced water allows more efficient BI formation. 
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Upon increasing the basal humidity of the DNA-Indolicidin film from Γ=9.2 to 10.6, we 
notice that the structure sensitive bands (POsy and sugar C-C) start to dominate over the POsy 
that has been shown previously to sense mainly H-bonding (Fig. 4.34 (A)), exhibiting a 
higher efficiency of the BII→BI transition that is reached for the free DNA only at Γ=14.23.  
 
Fig. 4.34 (A) shows also that the putative adenine base band at 1626 cm
-1
, guanine base at 
band 1585 cm
-1
 and the adenine-thymine base pair at 938 cm
-1
 observed previously at Γ=9.2 
continue gaining intensity upon increasing basal humidity to Γ=10.6, indicating that upon 
indolicidin binding to DNA, the DNA bases get more exposed to and accessible by the added 
water. Furthermore, the difference band at 1063/1050 cm
-1 
originating from the sugar C-O is 
strongly pronounced in the presence of indolicidin at this Г. 
 
Figure 4.33: Disrelation map of a Salmon testes DNA-Indolicidin film 
([DNA(P)/Indolicidin=56])
  
with Г=9.2 showing similarity (blue) and dissimilarity 
(red) of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities.  
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The broadening of the OH band in the presence of indolicidin continues at this level of 
humidity recording a band width of 440 cm
-1
 HWFM observed in the υ(OH) at 3100-3600 
cm
-1
 in Fig 34 (A) compared to that of 415 cm
-1
 in the case of free DNA at similar hydration 
level. No distinction between low and high frequency water has been observed here where 
both disrelation spectra of w1 and w2 have similar intensities with the DNA spectrum 
characterized generally by high synchronization (low disrelation intensities).  
 
The high synchronicity between different water bands within the υ(OH) is demonstrated in 
Fig. 4.35 in the upper left square of the disrelation 2D map showing that the added water by 
Figure 4.34: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/Indolicidin=56])
 
with Г=10.6. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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the hydration pulse is acting as a continuum and both low and high frequency water modulate 
the DNA-indolicidin film with similar kinetics and both evaporate at the same time.  
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Thus, indolicidin reduces order in the hydration shell (broader FWHM), promotes BI 
formation and allows a cooperative water/conformation coupling (Fig. 35) at lower hydration 
than in free DNA. In strong contrast to free DNA, however, indolicidin induces a highly 
asynchronous transition upon further hydration shell growth, as shown in the following. 
 
At Γ=12.6, the absorption changes are dominated by the increase of the structure sensitive 
bands of the POsy at 1087 cm
-1
 and the sugar C-C stretch at 973 cm
-1
 exhibiting the IR 
spectrum appearance of the BII →BI transition and at the same time it witnesses the decreased 
response of the POas band at 1216 cm
-1
 which has been shown earlier to be H-bonding 
sensitive (Fig. 4.36 (A)), indicating that in the presence of indolicidin, 12.6 water molecules 
per phosphate in the DNA hydration shell would be enough so that the POas band would not 
Figure 4.35: Disrelation map of a Salmon testes DNA-Indolicidin film 
([DNA(P)/Indolicidin=56])
  
with Г=10.6 showing similarity (blue) and dissimilarity 
(red) of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities.  
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sense the added water and at the same time allowing enough flexibility for the DNA film to 
undergo BII →BI transition without dissolving the film. 
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The bases still react efficiently to the water uptake observed in the increase in the cytosine 
and guanine absorption bands at 1622 cm
-1
 and 1584 cm
-1
 respectively, and the appearance of 
the C6=O6 stretching of the guanine band at at 1718 cm
-1
 showing that the DNA bases at 
Γ=12.6 are very responsive to the added water, which can be explained at this stage by the 
binding mode of the indolicidin to the DNA grooves where it widens it in an optimal way in 
the presence of sufficient water, thus exposing the bases to water and/or changing pairing H-
bond strength by stacking changes. 
 
Figure 4.36: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/Indolicidin=56])
 
with Г=12.6. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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This can be supported by the observed increase of the volume expansion with a value of 
α=3% compared to α=1% for free DNA and α=2% in the presence of europium or cobalt (Fig. 
4.40). 
 
Fig. 4.36 (A & B) do not show a distinction between high and low frequency water, which 
exhibits FWHM of 450 cm
-1
 and is highly synchronized with the H-bonding sensitive POas 
band and less with both structure sensitive bands (POsy at 1087 cm
-1
 and sugar C-C stretch at 
973) also evident in the disrelation map in Fig. 4.37.  
 
Fig. 4.37 shows the kinetics complexity of the DNA film in the presence of indolicidin upon 
water uptake at Γ=12.6. While the upper left square of the map is dominated by the blue 
traces demonstrating high synchronicity between water bands, the DNA bands respond 
sequentially to water re-equilibration as seen in Fig. 4.37. The POas band at 1216 cm
-1
 reacts 
to the synchronous water modulation by monitoring its H-bonding (cyan traces at 1246/1216 
cm
-1
 with that at 3228-3623 cm
-1
). This is followed by the relaxation of the sugar C-C stretch 
at 973 cm
-1
 signalling the “early” phase of the BI →BII transition followed by the POas band at 
1087 cm
-1
. Thus, backbone relaxation happens in a sequential process. 
  
Interestingly, the guanine band at 1719 cm
-1
 is the last to react to the added water at the final 
step of the BI →BII transition showing that the backbone adopts the BII conformation before 
the interaction of indolicidin with the bases is requilibrated.  
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To understand the binding mode of indolicidin to DNA that leads to the complex kinetics 
observed at Г=12.6, another antimicrobial peptide, with known binding mode, netropsin, was 
studied here by FTIR hydration perturbation method. Netropsin is an oligopeptide with 
antibiotic and antiviral activity, and it is well known to bind to the minor groove by displacing 
its spine of hydration in this groove (Mary L. Kopka 1985).    
 
In order to have a good comparison conditions between indolicidin and netropsin, the DNA-
netropsin film has been prepared with similar ratio of DNA(P):ligand of that used in the case 
of indolicidin which is 56:1. Moreover, a basal hydration of Г=12.25 was adjusted to be 
similar to the above mentioned case of DNA-indolicidin at Г=12.6.   
 
Figure 4.37: Disrelation map of a Salmon testes DNA-Indolicidin film 
([DNA(P)/Indolicidin=56])
  
with Г=12.6 showing similarity (blue) and dissimilarity 
(red) of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities.  
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Interestingly, Fig. 4.38 shows that the hydration perturbation of the DNA-netropsin film at 
Г=12.25 evoke almost identical spectral changes for all DNA bands that have been observed 
for the DNA-indolicidin film at similar basal humidity (Г=12.6) shown in Fig. 4.36. Likewise, 
the 2D maps are almost identical (Figs. 4.39 and 4.37) showing that DNA in the presence of 
indolicidin and netropsin respond kinetically to the evaporation of the added water in the 
same way, obeying the sequence POas, POsy/C-C and base stacking change as the last step of 
reformation of the BII state. 
 
 
Figure 4.38: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/netropsin=56])
 
with Г=12.25. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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Although the binding mode of indolicidin is not yet established, it may be misleading to 
assign it to the minor groove based on the spectral and kinetic similarity with netropsin. 
Remarkably, the water ν(OH) band shows different shapes for both peptides. In the presence 
of netropsin, the w2 absorption range is suppressed relative to the water absorption of the 
indolicidin complex. This may indicate that netropsin is more efficient in blocking the 
strongly H-bonded water binding sites in the DNA. Consequently, the data suggest that the 
low frequency OH stretches are those of water in the minor groove. The water absorption 
differences therefore, favour an assignment of indolicidin to a major groove binder.  
 
Remarkably, indolicidin resumes a cooperative regime at high hydration Г=17 (Fig. 4.42), 
similar to the DNA-Eu
+3
 film but not seen with free DNA. At the same time the water that 
ν(OH) is narrowed (as with  Eu
+3
) indicating that a quasi stoichiometric state of DNA-
indolicidin-water complex has been formed which responds as a whole to hydration (causing 
high synchronicity) without promoting any further water-dependent peptide. This is evident 
from the much lower 1719 cm
-1
/υ(OH) (see Fig. 4.40 and Fig. 4.38). 
Figure 4.39: Disrelation map of a Salmon testes DNA-netropsin film 
([DNA(P)/netropsin=56])
  
with Г=12.25 showing similarity (blue) and dissimilarity 
(red) of the time dependencies in pairwise comparisons of selected infrared bands of 
the DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to 
the correlated bands thus representing purely kinetic dissimilarities.  
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Volume expansion of the film reaches its maximum at maximum basal humidity similar to the 
previous cases with free DNA and DNA-cation complexes, but with a value of α=4% 
demonstrating that the presence of indolicidin has the largest effect on film volume increase 
compared with the Eu
+3
 and cobalt as seen in Fig. 4.42. 
 
 
 
Figure 4.40: Spectral changes after hydration perturbation of a Salmon testes DNA-
Indolicidin film ([DNA(P)/Indolicidin=56])
 
with Г=17. A) Time-resolved difference 
spectra after the hydration perturbation. B) Disrelation spectra of selected wavelengths 
with the rest of the spectrum. Black trace is for high OH stretch (w1) at ~ 3530 cm
-1
 and 
red one is for low OH stretch (w2) at ~ 3250 cm
-1
. C) Subtraction of the synchronous 
spectra of the high (black) and the low (red) OH stretch wavelength from the first 
measured water-enriched spectrum to check for sign inversion. 
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Figure 4.41: Disrelation map of a Salmon testes DNA-Indolicidin film 
([DNA(P)/Indolicidin=56])
  
with Г=17 showing similarity (blue) and dissimilarity (red) 
of the time dependencies in pairwise comparisons of selected infrared bands of the 
DNA-backbone and of the water ν(OH). Amplitudes are normalised with respect to the 
correlated bands thus representing purely kinetic dissimilarities.  
Figure 4.42: The relative molar volume expansion coefficient (α) as function of basal 
water content (Г) showing the effect of the presence of Indolicidin, cob(III) hexamine  
and Eu
+3
 on film volume expansion upon water uptake due to hydration perturbation 
pulse. 
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4.3.2 Hydration of DNA-Indolicidin complex studied by CD spectroscopy 
 
In order to study the water role on the indolicidin binding to DNA in solution, circular 
dichroism spectroscopy (CD) was used. In this method, the conformational changes, 
destacking and dehydration of the DNA can be observed for a given DNA(P)/Indolicidin 
concentration when DNA is titrated to indolicidin.  
 
The CD titration measurements were carried out using a (J-815) CD spectrometer from 
JASCO. 2 ml of 0.1 mM indolicidin in 10 mM NaCl was titrated through 40 injections to 3 ml 
of 0.1 mM of salmon testes DNA in 10 mM NaCl. Each injection was of 50 µl of indolicidin 
and with 300 second between each two injections and both the syringe and the cuvette were 
kept to 25 C during the experiment. 
 
Fig. 4.43 shows that the DNA stays in the B-conformation upon the increase of the content of 
indolicidin. This can be seen from the positive band at 276 nm and the negative on at 248 nm 
(Kypr, Kejnovska et al. 2009). The loss in intensity in the 276 nm band upon the increase in 
the indolicidin content is due the dehydration and destacking of DNA upon binding to 
indolicidin. This is further supported by the shift in the 260 nm crossover to longer 
wavelengths (Gray, Ratliff et al. 1992). 
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Figure 4.43: Titration of dsDNA with indolicidin monitored by circular 
dichroism. Aliquots of 50 µl of 0.1 mM Indolicidin in 10 mM NaCl were injected 
in 3 ml of salmon testes DNA (0.15 mM in phosphate, 10 mM NaCl). 
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These results are in line with the rapid scan FTIR hydration perturbation results showed, 
where the DNA’s hydration effect by the indolicidin observed in the CD spectra support the 
earlier observations that indolicidin bind to DNA at water-binding sites, i.e. by replacing 
water molecules from its hydration shells leading to its dehydration. Despite the dehydration 
upon binding to indolicidin, DNA stays in the B conformation due to the fact that indolicidin 
restructure the DNA water keeping it in the B conformation and also promoting the BIIBI 
transition observed previously by the difference spectra. 
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Chapter Five 
Discussion 
 
 
5.1 Hydration of free DNA films 
The rapid-scan FTIR difference- spectra of the isothermal hydration-induced BIIBI 
transition in salmon testes DNA films discussed in section 4.1 shows that three regimes can 
be identified depending on the level of hydration: 
 
1- Adsorptive regime: In this regime the DNA film is relatively rigid and with high 
availability of water-binding vacant sites due to its low basal hydration (at Г=9.33). The gas 
phase exchange rates of water bound strongly to the grooves and more weakly to the 
phosphates scale with the different H-bond strengths, i.e. the “weakly” H-bonded w1 
population solvating the PO2
-
 group leaves first, whereas the stronger bound non- PO2
-
- water 
w2 evaporates the least. Little effect is exerted on DNA conformation in this adsorptive 
hydration regime seen from the weak absorption change of the POsy band and the ν(C-C) 
absorption bands, while the POas difference band at (1245/1205 cm
-1
) is dominating the 
spectral changes, which is attributed to its sensitivity to H-bonding and not to the BIIBI 
transition which is not very efficient at this level of humidity indicated by weak response of 
the POsy and ν(C-C) absorption bands. This happens at essentially constant volume (at a very 
low α), indicating hydration of “cavities” in the DNA surface.  
 
In this regime, two water populations were identified (high frequency water w1 at ~ 3530 cm
-1
 
and low frequency water w2 at ~ 3250 cm
-1
), with w1 strongly correlated with the POas 
absorption, while w2 does not interact with the PO2
-
 groups observed through the very low 
synchronous correlation. Due to the obvious correlation between H-bond energy and binding 
strength (as monitored by the release rates to the gas phase), we relate the more strongly 
DNA-bound w2 to the previously identified slow (20 ps) proton dynamics in hydrated dsDNA 
films measured by neutron scattering under very similar conditions (Bastos, Castro et al. 
2004). Our data suggest that the w2 cluster is specific for dsDNA, where the lack of the 20 ps 
in ssDNA is thus strongly supporting our assignment. This w2 evaporates after the DNA 
relaxes from BI back to BII, evidencing the BIBII transition coupled with water migration 
reported by Winger (Rudolf H. Winger and Andreas Hallbrucker 1998) at very similar Г. 
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2- Cooperative regime: At 12 < Г < 14, hydration efficiently drives the BIIBI transition 
and a strong coupling between water structure and conformational structure is observed. In 
this cooperative regime, a contiguous water shell couples to DNA conformation by 
destabilising the BII state, where the distinction between w1 and w2 observed in the adsorptive 
regime vanishes, and all water molecules evaporate at the same time due to the reorganization 
of water structure because of the higher basal humidity of the film as illustrated in Fig. 5.1. 
 
 
 
 
 
 
 
 
 
 
 
 
We propose that the strong bound w2 in the adsorptive regime is redirected away from the 
DNA towards water-water interaction at this level of water content and that there is no sign 
for water migration in this regime as water evaporation and structural changes are parallel and 
not sequential as in the adsorptive regime. Importantly, the site of the POas difference band 
does not scale with that of the conformation-sensitive POsy and is also not generally 
synchronized with the later. PO2
-
 solvation is thus not sufficient for the BIBII transition. The 
widened ν(OH) band (418 cm
-1
 FWHM) reveals increased water-water interactions. Yet, it is 
30 cm
-1
 narrower than in liquid water such that an organized rather than a random H-bond 
network connects an intermediate water population  w0 (i.e. neither bulk water nor in direct 
contact to DNA)  with the DNA-bound w1 and  w2 clusters. The larger volume change related 
to w0 agrees with a location outside the “cavities” occupied by w1 and w2.  
 
At this regime, the different response of the POas (less responsive) and POsy (more responsive) 
to the added water, although they belong to the same chemical group, is clearly observed. We 
assign the POas mode as H-bond sensing of the added water and it does not monitor 
conformational changes as the maximum response of this band response takes place in the 
Figure 5.1. Adsorptive and cooperative regime of DNA hydration. Upon increase of H2O 
content, the two water populations at ~ 3300 cm
-1
 and 3500 cm
-1
 in the adsorptive regime 
merges into one contiguous water population at ~ 3400 cm
-1
 that destabilize the BII state and 
promote the BI. 
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adsorptive regime at the lowest basal humidity (Г=9.3), while highest BI formation efficiency 
occur at lowest POas response. On the other hand, the POsy mode can be considered as a 
backbone conformational changes monitor as it undergoes bigger absorption changes in the 
cooperative regime, where the conformational BII-BI transition is driven by the water added 
due to the hydration pulse. This very interesting difference in response of the two modes that 
originate from the same group has been supported by our DFT calculations. 
 
The DFT calculations of one of the simplest organic phosphate, dimethyl phosphate 
((CH3)2PO4
-
), were carried out to investigate the effect of phosphate hydration to vibrational 
frequencies (Fig. 5.2). In the absence of any water, the POas and POsy have absorption at 1283 
cm
-1
 and 1063 cm
-1
, respectively. By adding 4 water molecules, 2 waters coordinate to each 
non-ester oxygens, preserving symmetrical configuration. The POas and POsy frequencies are 
Shifted to 1245 cm
-1
 and 1059 cm
-1
, respectively. By adding 11 water molecules, the entire 
structure gets less symmetrical because water molecules start to form hydrogen bonds to each 
other.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Each non-ester oxygen coordinate 3 water molecules, and each ester oxygen coordinate 1 
water. The POas and POsy frequencies are shifted to 1210 cm
-1
 and 1058 cm
-1
, respectively. 
The POas frequency downshifts as the extent of hydration increases but the POsy frequency is 
hardly affected by the presence of water.  
Figure 5.2. Infrared absorption spectra of dimethyl phosphate with different number of 
coordinating water molecules as obtained by DFT calculations. The POas peak (blue) 
shows large response to water coordination while the POsy peak (brown) is only slightly 
affected. 
 
Absorption 
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3- Solvation regime: In this regime, the added water solvates the DNA film which is fully 
hydrated at the high basal humidity (Г=18.3). The disrelation map at high Г (Fig. 4.10) shows 
that the DNA does not sense the added water. Thus, there is high synchronicity between the 
DNA bands themselves, and between the water bands themselves, but not between each other. 
The water added to the film by the hydration pulse still drives the BIIBI but not through 
direct binding to DNA, but rather through contributing to the system flexibility because the 
DNA in this regime is already fully hydrated. 
We propose that the H-bond energy imbalance of 2-3 kJmol
-1
 between w1 and w2 
(corresponding to the measured Δν(OH) of ~200 cm
-1
) is crucial for coupling hydration to 
conformation by the build up of a contiguous water envelope of bulk-like average H-bond 
strength, i.e. between the that of w1 and w2. Since many water molecules are involved in the 
cooperative regime (12-18 per phosphate) the small (~kT) H-bond energy difference per 
water molecule adds up to ~20-30 fold per base pair.  
 
Even for a large number of consecutive base pairs, merging of the w1 and w2 hydration sites 
through w0 can thus be achieved without enthalpic cost as formation of a w1-w0 H-bond 
balances breakage of a w2 H-bond. At the same time, the required transitions of individual 
water molecules are thermally easily accessible. Thereby, ideal conditions are met to generate 
under isothermal conditions an extended H-bond network that is not random and yet matches 
the average H-bond strength of liquid water allowing a smooth transition to the bulk phase. In 
this regime, hydration promotes the BI state mainly via the replacement of DNA-w2 
interactions in the grooves by w0-w2 interactions in the hydration shell.  
 
Modulation of the w1 population may provide additional backbone flexibility but by itself 
does not support the BI state: at the highest POas response per ΔГ, the smallest structural 
change occurs (Fig. 4.3 (A)), the same holds vice versa (Fig. 4.9 (A)). We ascribe the ~30 % 
reduced amount of water required for a BI-like hydration pattern in ssDNA to the lack of w2 
and its BII-stabilising effect.  
 
The increased ssDNA backbone solvation at lower total water content agrees with the release 
of water upon dsDNA melting (Mrevlishvili, Carvalho et al. 2001, Spink, 1999 #281). The 
BII-stabilising function of the non PO2
-
-associated w2 agrees with the slow migration of water 
from the PO2
-
 to the diester and sugar moieties during BII formation seen in the glassy state 
(Pichler, Rudisser et al. 1999).  
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However, our data do not indicate a net relocation of water at ambient temperature, because 
the POas absorption (except for the cooperative regime) is not synchronised with BI formation. 
Instead, it is the breakage of an ordered water structure at the BII-DNA surface by the increase 
of competing water-water-interactions which drives the BI formation. This discrepancy is 
probably due to the initial disruption of water DNA interactions upon quick-freezing. Under 
these conditions, an additional absorption change at 1719 cm
-1
 (C=O and C=N stretching) was 
attributed to base stacking changes. There is no indication, however, of altered stacking being 
associated with the hydration-driven BIIBI transition seen here at ambient temperature. 
 
5.2 DNA-metal hydration 
By measuring difference spectra generated by the hydration pulse for a DNA-Eu
+3
 film at 
different basal hydration levels, it has been observed that a critical amount of water molecules 
in the film is needed to exert an effect on DNA structure. Under low humidity, Eu
+3
 is not 
bound in a salt-like fashion to DNA, but rather, hydrated DNA and probably crystalline EuCl3 
coexist up to ~ 14 H2O/phosphate.  
 
With Г > 14, Eu
+3
 organizes highly structured water network through which it reorganizes the 
DNA hydration shell in a highly cooperative way similar to a phase transition in which H-
bonds to the bases are strongly affected and water molecules effectively H-bonded as obvious 
from the ν(OH) band narrowing and frequency down shift. The fact that all these changes are 
actually water-driven (only the water-induced structural changes are monitored by the 
difference-spectroscopic approach) proves that quasi-stoichiometric water promotes Eu
+3
-
induced DNA condensation and abolishes the BIIBI transition.  
 
The TRLFS measurements of DNA titration to EuCl3 in water show that, Eu
+3
 binds to 9 
water molecules its coordination, and that DNA replaces 5 water molecules of these 9  upon 
full binding to Eu
+3
. The remaining 4 water molecules in the europium coordination shell 
form the structured water network which shields the PO2
-
 group from sensing the outer 
hydration shell. These four Eu
+3
-bound water molecules are probably essential for DNA 
condensation. It has been also demonstrated that the double stranded structure of the DNA 
promotes binding to Eu
+3
, as the TRFLS measurements show that ~ 4 fold higher 
concentration of ssDNA is needed to reach full complexation with europium and that only 4 
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water molecules (instead of 5 in the case of dsDNA) are replaced in the complex of Eu
+3
 with 
DNA. 
 
In contrast, cob (III) hexamine has the same effect water organization and slightly shifts the 
cooperative regime to a higher Г. However, the spectral features are not altered as compared 
to free DNA. Quite contrary, cob (III) hexamine enhances the BIIBI transition in response to 
hydration shell growth: the ΔPOas/ΔГ in the presence of cob (III) hexamine is 60% larger than 
in its absence as evident from comparing Fig. 4.25 and 4.5. 
 
Both cations similarly increase the film volume expansion upon water uptake up to Г ≤ 14, 
and at higher hydrations the Eu
+3
 increases the film volume expansion more efficiently than 
cob (III) hexamine due to its water-structuring network.      
 
In summary, the effect of trivalent cations on DNA structure is strongly dependant on the 
capability of these ions to restructure the DNA hydration shells. Despite the common 
electrostatic properties, DNA responds very differently, showing that water structure is the 
more important factor in DNA structure. 
 
The more disordering effect of cob (III) hexamine on water (broadening of the ν(OH)) 
correlates with an increase of the BIIBI transition, whereas the highly ordering effect of 
Eu
+3
 leads to an unusual DNA conformation with considerable effect base positioning.  
 
The narrow water ν(OH) and the high degree of cooperativity even at high Г argue for the 
formation of a tightly coupled three-dimensional phase of DNA, Eu
+3
, and H2O.  
 
5.3 DNA-peptide hydration 
The hydration-induced difference spectra of the DNA- indolicidin complex at Г = 12, show 
that indolicidin disrupts the synchronicity between hydration and structure. Only the H-bond-
sensitive POas stays fully synchronized whereas the structure-sensitive difference bands 
become inverted as their changes lag behind water modulation. Despite the loss of 
cooperativity, the peptide promotes the water-driven BI formation as evident from i) the 
similarity with the spectra of dsDNA at Г=18, ii) the 70 % reduced amount of water needed to 
evoke absorption changes of comparable size as in free dsDNA. 
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Similar to ssDNA water induces an absorption change at 1719 cm
-1
 (C=O and C=N stretching 
of the bases) which is not observed at any Г in the free dsDNA. The frequency upshift in the 
complex indicates H-bond weakening in contrast to the strengthening leading to the downshift 
in d(GA)6. In addition to favouring the BI state, the peptide couples hydration to H-bond 
changes at the nucleobases. The normalised disrelation 2D plot in Fig. 4.37 visualises the 
sequence of group-specific changes in the DNA-indolicidin complex entailed by the hydration 
pulse in the order of decreasing synchronicity from blue, green, yellow to red. Rows 1 to 5 
(water ν(OH)) of columns 6 to 12 (DNA / peptide absorptions) in Fig. 4.37 show that the POas 
is tightly coupled to hydration changes (light blue) followed by weakening of H-bonding to 
the sugars (νC-C upshift to 973 cm
-1
). The conformation-sensitive POsy (1087 cm
-1
) and sugar 
C-O (1050 cm
-1
) respond with a larger time lag (yellow), and the shift of the purine ring 
vibration at 1719 cm
-1
 is a late response to hydration shell modulation (red). Although slower, 
than in free dsDNA, BI formation is more efficient, which we ascribe to the displacement of 
the BII-stabilising w2 by the peptide in contrast to its mere perturbation by w0 in the hydration 
shell of free dsDNA. 
 
The proposed dehydration of dsDNA by indolicidin is supported by CD spectroscopy. Fig. 
4.41 shows the typical B-DNA spectrum with a 248/276 nm difference band and a zero 
crossing at 260 nm, and the decrease of the 276 nm band and the shift of the crossing to 
longer wavelengths upon indolicidin binding reveals base destacking and dehydration (Kypr, 
Kejnovska et al. 2009) (Gray, Ratliff et al. 1992) in the complex, respectively.  
 
The absence of altered stacking that would be associated with the hydration-driven BII-BI 
transition at ambient temperature for the case of free dsDNA is different in the case of 
indolicidin, where only in the presence of indolicidin, the formation of the BI state is 
accompanied by an identical absorption change, supporting the assignment of the 1719 cm
-1
 
band to a more perturbed structure BI structure.  Although MD calculations have shown that 
DNA deformability correlates with local hydration, the intuitive coupling of base stacking to 
DNA-water H-bonding was not confirmed (Yonetani and Kono 2009). 
 
The proposed coupling mechanism implies that less water can sustain the BI state when w2 is 
displaced by a ligand. This is confirmed here for indolicidin and may be of general 
importance in peptide DNA interactions. The BIIBI transition in the Г= 12 shell requires a 
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ΔГ < 1 to reach the extent seen in free dsDNA only at Г= 18 and ΔГ ~ 2 (Fig. 4.9 (A) and 
4.36 (A)). 
 
 The larger α fully agrees with the putative blockage of the DNA grooves by indolicidin in 
agreement with the peptide-induced dehydration seen in the CD spectra. The assignment of 
indolicidin binding to the DNA grooves are strongly supported by it’s identical spectral and 
kinetic similarities to the DNA-netropsin case at similar DNA:peptide ratio and similar basal 
humidity conditions.  
 
Remarkably, BI formation in the complex is still strictly dependent on hydration because the 
difference bands in Fig. 4.4 (C) can only occur when the peptide alone does not arrest the BI 
state. Instead, water drives a structural response of the entire complex, supporting the notion 
of a water-dependent induced fit into the BI state. The 1622 cm
-1
 difference band, absent in 
pure dsDNA, may reflect an accompanying amide I conformational change of indolicidin and 
additional energy barriers for a coupled movement probably cause the slower response of the 
complex to hydration. The data may thus explain why a peptide that exhibits little intrinsic 
structure preference (Hsu, Chen et al. 2005) can nevertheless drive a well defined structural 
transition in DNA.
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Chapter Six 
Conclusions 
 
It has been shown that the hydration-perturbation method established in this work has been 
proven be a very efficient method to study minor changes in hydration shells of biomolecules 
and the effects of these changes on the structure and function of these biomolecules under 
ambient temperature and in time-resolved manner. This method showed for the first time an 
excellent parallel insight to both, molecular changes through FTIR spectroscopy and volume 
changes due to change in water content.  
 
Hydration of B-DNA causes the merging of disjunct strongly and more weakly bound water 
clusters in the grooves and at the ionic phosphates, respectively. Their H-bond imbalance is 
abolished at little enthalpic cost upon formation of a non-random water H-bond network 
around DNA whose average strength yet matches that of bulk water. Thereby, the inner 
hydration shell couples to the aqueous phase mainly by changes in entropy rather than 
average H-bond strengths. This leads to the entropically favourable population of the BI state 
by the disruption of water-DNA interactions in the grooves either via the competing water-
water contacts during hydration or via displacing the groove-bound water directly as shown 
here for indolicidin.  
 
The ability of indolicidin to relocate water from the BII- to the BI-stabilising hydration sites 
may explain why a structurally little defined peptide can yet exhibit structural preference for 
the BI state. For indolicidin this has been observed also via the dehydration of DNA upon 
titration of indolicidin, showing that binding of indolicidin to DNA happens by replacing 
DNA water. 
 
This binding mechanism differs totally in the case of europium. At low hydration level, the 
crystalline Eu
+3
 coexists as a salt like, and when the water content reaches a threshold value 
(Γ>14) it dissolves and binds to DNA and forms its own water network that re-constructs the 
DNA’s hydration shell in a highly structured manner leading to DNA condensation. 
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